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ABSTRACT
The Lawrence Avenue Underflow Sewer System is a small deep tunnel system located in the
Northwest part of the city of Chicago. This tunnel system connects to the Main Stream
Des Plaines Tunnel and Reservoir Plan (TARP) system. This tunnel was constructed to
convey and store combine sewage in an effort to prevent combine sewer overflows (CSOs) and
alleviate flooding in the city of Chicago, issues that are likely to occur during extreme storm
events. The Lawrence Avenue Underflow Sewer System is characterized by unsteady flow
conditions along with lack of geometric and spatial information of the pipe sewer network.
This study herein focuses on the analysis of the system through the use of hydrological
and hydraulic models. Two models, the Illinois Urban Hydrologic Model (IUHM) and the
TARP Connecting Structures Model developed at University of Illinois Urbana-Champaign
(UIUC) were used in this study in combination with the commercial software Storm Water
Management Model (SWMM) 5.0. In this study, analysis of the hydraulic response of the
system to four historical storms and four design storms is used to assess its optimal operation.
The storm event analysis highlighted that the Lawrence Avenue underflow sewer system has
the capacity to convey and capture flows from each of the modeled storms. Simulations
showed significant surcharge throughout the interceptor system for all the storms. Moreover,
surcharge conditions existed in the deep tunnel system during the peak time of two of the
simulated storms. Furthermore, the real time regulation of the gate showed to be beneficial
for the system’s operation. Not only allowed for the maximum storage of combined sewer in
the tunnels without surcharge. But also the volume of water leaving the system is controlled
based on the storage capacity of the tunnels. Lastly, real time operation of the gate, leaded
to determine that if the gates needed to be set at a fix position the opening should not
be less than 33%, independently of the conditions presented in the downstream system to
which the Lawrence Avenue Tunnel connects. This gate opening showed to prevent surcharge
conditions and the subsequent geyser events in the tunnel.
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CHAPTER 1
INTRODUCTION
1.1 Background
Short tunneling history in Chicago started in 1867 with a water tunnel designed to supply
Lake’s Michigan water to the city’s first pumping station. As time passed the population in
the city increased and so did the waste and pollution in its rivers. As a result the purpose of
tunneling in Chicago changed from fresh water supply to temporary storage and transport
of storm and waste water during high intensity rainfall events. Therefore, the main drinking
water supply of Chicago was in high risk of being polluted, reason that forced the city of
Chicago to develop a cost-effective plan.
After exhaustive thinking the idea of a deep tunnel and reservoir system (TARP) was
adopted as a comprehensive solution to combined sewer overflow (CSO) pollution and flood-
ing problems. However, it was not until 1966 when this idea became a reality with the
Lawrence Avenue Underflow Sewer Tunnel construction, which was the first section of
Chicago deep tunnel to be constructed and is also the first large tunnel drilled in rock.
Given the size and the complex geometry and connectivity of the TARP system, its oper-
ation is one of the biggest problems that the district has been facing since its construction in
1970. For that reason and since 19 the University of Illinois at Urbana Champaign, has been
committed with MWRDGC and the City of Chicago on developing a system of computer
models for the TARP system that would provide a better understanding of its hydrology
and hydraulics. The use of these models pretends to optimize the operation of the system
based on how much water is coming into it in order to store as much water as possible inside
the deep tunnels to prevent CSO events.
Nevertheless, modeling this type of system is not an easy task and several hydrological
and hydraulic models have been developed in UIUC [1, 2, 3] to overcome the limitations of
more commonly used commercial models. The developed models have been applied in the
past years model the TARP system. However, the modeling process faced some problems
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and demanded a large amount of time. Therefore the application of such models in a similar
but much smaller system would help to test the models and see how suitable they are to
overcome the system’s operation problems.
The lack of previous hydraulic studies of the Lawrence Avenue Tunnel System, added to
its size and geometric characteristics make it suitable to be used in this new study, that
pretends to model the as build system of sewers, interceptor, drop shafts and tunnels by
the application of the mentioned developed models in combination with existing commercial
software.
In this research models are being created primarily for the purpose of determining the
flow entering each drop shaft of the Lawrence Avenue Tunnel. Additionally, on the basis of
this information this study pretends to optimize the operation of the system and specifically
the operation of the sluice gates located at the outlet of the deep tunnel. Unavoidably
simplifications and assumptions will be made.
1.2 Lawrence Avenue Tunnel Underflow Sewer System
The city of Chicago started in 1947 a program known as the auxiliary outlet sewers with the
aim of increasing the discharge capability of the existing drainage system at that time. The
Lawrence Avenue Underflow Sewer System (LAUSS)was designed as a part of this program
in order to provide flood relief for an area bounded by the North Branch of the Chicago River,
Irving Park Road, Oriole and Devon Avenue. As the first project of its kind in the nation,
it received a demonstration grant by the U.S. Environmental Protection Agency (USEPA).
The conception of this system was to intercept combined sewer overflows prior to their
entrance to the city waterways and convey them into a deep tunnel which at the same time
serves as a reservoir for capturing small storms and trapping a significant portion of the first
flush of pollutants from large storms [4].
The success of this project up to now has been most strongly felt in relation to the
quality of water in the surrounding waterways. According to [4] for example, the annual
overflow volume has been reduced by 84 percent, while BOD spillage and suspended solids
concentrations in the waterways have been reduced by 90 and 94 percent, in comparison with
the pre-project conditions for an average hydrologic year. Besides that, the system does not
create any adverse effect on the groundwater quality of the surrounding aquifers.
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1.2.1 System Description
The LAUSS serves an area of 6794 acres (27.5km2)that encompasses the north west portion
of the city of Chicago as depicted in Figure1.1. Within this area lays a complex system
of hydraulic infrastructure that captures and conveys storm and wastewater. Basically the
system consists of four levels as outlined in Figure 1.2.
1. 26, 100ft(7, 955m) of a rock bored concrete lined tunnel located at 200 to 250ft(61−
76m) below the surface. This tunnel has a main branch which is 12, 800ft(3091m)
long at 13.75ft(4.2m) in diameter and 9, 300ft long with an egg-shaped section of
15.5ft(4.7m) in width and 19.4(5.9m) in height. And a 4, 000ft long branch tunnel
at 13.75ft(4.2m) in diameter that extends south from Lawrence Avenue to Berteau
Avenue. It has ten air entrainment inlet shafts and a 30ft outlet shaft that connects the
tunnel to the Main Stream Des Plaines Tunnel and Reservoir Plan (TARP) system.
The drop shafts were designed at the University of Minnesota, St. Anthony Falls
Hydraulic Laboratory. It is also worth mentioning that there is a pair of sluice gates
to allow control of the flow that passes from the tunnel to the TARP system.
2. 18, 000ft(5, 846m) of high-level tunnels in earth up to 6.5ft in diameter that intercept
the excess of the combined sewer flow and convey it trough the drop shafts to the main
tunnel.
3. 35, 245ft long interceptor up to 9ft in diameter that intercepts flow from the combined
sewer system and conveys it to the waste-water treatment plant.
4. Thousands of inlets, manholes and combined sewer conduits varying from 10in 8.5ft in
diameter that are connected to either the interceptor, the high-level tunnels or directly
to a drop shaft as it can be observed in Figure1.2.
The total storage in the main tunnel and dropshaft is about 4, 000, 000ft3 (113, 280m3).
In other words, it can store the runoff from rainfall accumulation of 0.9in(2.3cm) without
causing overflow in the river.
1.2.2 Previous Investigations
Up to this day, only few studies have been undertaken on the hydrologic and hydraulic
behaviour of the LAUSS. For instance, in the seventies a mathematical model of the system
3
96
85
95
58
114
47
70
51
61
69
53
74
65
48
80
77
83
63
57
88
112
87
71
90
56
54
82
I - 5
7
TRI-STATE TOLLWAY
BIS
HO
P F
OR
D
CHICAGO SKYWAY
DA
N R
YAN
TRI-STATE TOLLWAY
Legend
Deep_Tunnel
TARP 
Interstates_Cook
US_Highways_Cook
ChicagoRiver
LAUSS Service Area
City of Chicago
Cook County
.
Lawrence Avenue Underflow Sewer System 
0 120,000 240,000 360,000 480,00060,000 Feet
Figure 1.1: Service Area Intercepted by the Lawrence Avenue Tunnel
4
Figure 1.2: Lawrence Avenue Underflow Sewer System
was developed by the City of Chicago Bureau of Engineering. This model simulated an
entire year of hourly rainfall in order to get the runoff hydrographs. Following this study, no
comprehensive study was conducted on the hydrology and hydraulics of the system until 2009
when the City of Chicago hired a team of consultants to conduct hydrologic and hydraulic
modeling of their combined sewer system using InfoWorks. This model did not include a
detailed modeling of the deep tunnels, however.
1.2.3 Objectives and Scope of the Current Research
The primary focus of this research is to model a complex hydraulic system that has unknown
inputs and complex hydraulic behaviour by the application of a probabilistic hydrological
model developed at UIUC [2]. The latter gives the input runoff hydrographs for the hy-
draulic model SWMM 5.0 [5] that would be used to asses the hydraulic behaviour of the
interceptor, the high level tunnels and the deep tunnel. The development of these hydrolog-
ical and hydraulic models would provide answers to how they may overcome the problems
aforementioned and why they are more applicable to this particular system.
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Once the first objective is fulfilled , focus turns to a second objective that this study is
aiming at and which is related to the operation of the system. Its main focus is to find the
optimal operation of the sluice gates located at the end of tunnel based on how much water
is coming into the system. This optimal operation would allow for the maximum storage of
combined sewer volume in the tunnels without surcharge.
1.2.4 Thesis Outline
In Chapter 2 a review of the literature is presented, emphasizing the work that others have
completed for modeling the hydraulics and hydrology of similar sewer systems. This section
also presents a brief description of some hydrologic and hydraulic models that have evolved
over time, highlighting their theoretical bases and advantages/disadvantages.
The modeling methodology that is used in this research is outlined in Chapter 3. The
available input data for the system is presented fully as well as the detailed sources of data.
Besides that, further detail on the three computer models to be used for the simulation
of the hydraulics and hydrology of the system, IUHM, SWMM 5.0 and TARP Connecting
Structures model is presented. Furthermore, descriptions for the modeled scenarios with
their corresponding assumptions and simplifications are provided in this chapter.
Chapter 4 presents the main results of the simulations with a thorough analysis of each
one of them. Finally, conclusions and further research are outlined in Chapter 5.
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CHAPTER 2
LITERATURE REVIEW
2.1 Hydrologic and Hydraulic Models
A mathematical model is the representation of the behaviour of a system by the use of
mathematical equations. The model is a design tool that provides valuable information that
is used to analyse the system but also a model can serve for real time control and operation
of the system. This research aims to model the hydrology and hydraulics of a complex urban
sewer system through the use mathematical models.
Hydrological models pretend to simulate the processes taking place in a hydrologic sys-
tem with the goal of assessing the fluxes of water between the different components under
consideration. A hydrologic system was defined by [6] as a spatial structure that has a
boundary, and accepts water and other inputs, operates them internally, and produces them
as outputs. In the case of an urban sewer system which could be described as a man-made
arrangement of inlets, manholes and pipes, the inputs are: the overland flow that comes
from the excess of rainfall, and the waste water from houses and industries; and the output
is the combined sewer that is stored and conveyed to a water treatment plant and from
there to the natural water ways. Thus, the main objective of a urban drainage hydrologic
model is to use the precipitation information to determine the volumes and fluxes of surface
runoff, surface storage and infiltration by the application of valid methods and techniques.
However, modeling an urban sewer system is not an easy task because of the large number
of complex equations that need to be solve. That is why during the last 35 years many
research opportunities in the computational area have been opened and various computer
models have been developed. In [7]the most widely used hydrologic models have been listed
as follows:
• USACE Hydrologic Engineering Center
– HEC-1 (Flood Hydrograph package) [8]
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– HEC-2 (Water Surface Profiles)[9]
– STORM (Storage, Treatment and Overflow Runoff) Model [10]
• U.S Soil Conservation Service
– TR-20 (Project formulation hydrology) [11]
– WSP2 (Water surface profile computations) [12]
• US Environmental Protection Agency
– SWMM (Storm Water Management Model) [5]
In 1976 University of Illinois made an early contribution to the hydrologic models de-
velopment with the launch of the ”Illinois Urban Storm Runoff Method” [13] and recently
a new contribution has been made the ”Illinois Urban Hydrologic Model” (IUHM) [2] (an
stochastic approach based on the hypothesis that the hydrologic response of an urban catch-
ment is linked to the structure of the sewer system that conveys flow through the catchment
to its outlet). The main advantages of this model are the fact that it requires less input
data than the previous mentioned models, and also the capacity that the model has to track
uncertainty in the hydrologic response.
Once the surface runoff enters the pipe network, the hydraulic models start to play their
role. Usually the flow in sewers is an unsteady open-channel flow; however, due to large flows
the pipes get surcharge leaving space for unsteady pressurize flow to occur. Nevertheless, for
many sewer networks the assumption of steady flow is still considered valid.
The main aspects to consider in a hydraulic design are the discharge, head losses, forces
and stresses produced by fluid pressure in the pipe or change of momentum. To estimate
these aspects, a hydraulic model solves the continuity equation (2.1) and (2.2), together with
the momentum or energy equations (2.3)and (2.4).
∂A
dt
+
∂Q
dx
= 0 (2.1)
Since the sewer channel is prismatic, Equation (2.1) convert to:
∂h
dt
+
A
B
∂V
dx
+ V
∂h
dx
= 0 (2.2)
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where B = water surface width
1
g
∂V
dt
(1)
+ (2β − 1)V
g
∂V
dx
(2)
+ (β − 1)V
2
gA
∂A
dx
(2)
+ cos θ
∂h
dx
(3)
−S0
(4)
+Sf
(5)
= 0 (2.3)
1
gA
∂Q
∂t
(1)
+
1
gA
∂
∂x
(2)
(
βQ2
A
)
+ cos θ
∂h
dx
(3)
−S0
(4)
+Sf
(5)
= 0 (2.4)
where
x = longitudinal direction of sewer
A = cross-sectional area
h = flow depth
Q = discharge through A
V = cross-sectional average velocity
S0 = channel slope
Θ = angle between sewer bottom and horizontal plane
Sf = friction slope
g = gravitational acceleration
t = time
β = boussinesq momentum flux correction coefficient for velocity distribution
β =
1
V 2A
∫
A
u2dA =
A
Q2
∫
A
u2dA (2.5)
where
u = x component of local velocity averaged over turbulence
The terms in the momentum equation describe the unsteady sewer flow with a free surface.
A brief description of each term is presented below:
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(1) Inertial term due to local acceleration
(2) Inertial term due to convective acceleration
(3) Pressure term due to water surface gradient
(4) Body force
(5) Resistance force
The previously described equations are the so called fully dynamic wave equations of
continuity and momentum. Simplified methods have been obtained by drooping terms of
the momentum equation. As a result,different levels of approximation were found, as shown
in Equation (2.6).
1
gA
∂Q
∂t
+
1
gA
∂
∂x
(
βQ2
A
)
+ cos θ
∂h
dx
−S0 +Sf = 0
kinematic wave
noninertia
quasy−steady dynamic wave
dynamic wave
(2.6)
In the dynamic wave equation two characteristic waves are considerer which together with
the pressure term, fully account for backwater effects. The quasy-steady and the non-inertia
approximation consider only one characteristic wave; in the first one convective acceleration is
considered while the second one does not account for flow acceleration. Limitations increase
for the kinematic wave approximation, since inertia and pressure are not considered; the
backwater effect can not be computed, which results in clear differences in the solutions
especially for cases where downstream backwater effect is important.
Given the complex system of equations, computer modeling became an integral part of the
sewer design. As a consequence many sewer networks models have been developed. Some of
the most known models are listed below:
• US Environmental Protection Agency
– SWMM-EXTRAN(Storm Water Management Model) [5]
• Hydraulics Research in England/Wallingford Software
– HYDROWORKS [14]
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– InfoWorks CS [15]
As contribution to the hydraulic models already available, the University of Illinois at
Urbana Champaign has developed two hydraulic models. The first one is the ”Illinois Con-
veyance Analysis Program ICAP” [3] which is a steady-state model that relies on open-
channel hydraulic performance graphs (HPGs)as well as pressurized pipe equations to anal-
yse the capacity of the sewer system. And the second one is a one-dimensional finite volume,
Godunov type model named ”Illinois Transient Model ITM” [1], it has the capability to
simulate unsteady flows including surges, shocks, and hydraulic transients in closed-conduit
systems with complex boundary conditions.
2.2 Previous Hydrological and Hydraulic Studies for Sewer System
Previous studies have suggested the application of different hydrologic and hydraulic models
for the planning, design analysis and operation of stormwater, wastewater and CSO network
projects. Primary to this research is the analysis of the sewer system capacity to convey the
excess of rainfall from extreme storms scenarios in order to avoid having CSOs. Also, among
the reviewed literature, special interest was given to this type of analysis and explicitly to
flooding modeling in urban sewer systems.
For example, [16] developed an urban inundation model to simulate and predict surcharge-
induced inundation in urban areas in 2000. SWMM was used to compute storm sewer flow
and surcharge overflow through manholes and a 2D diffusive overland-flow routing was per-
formed to simulate overland flow on urban ground surface caused by surcharge. Additionally
the models considered drainage by pumping at outlets of the storm sewer system. As a case
study, the model was applied for the Taipei storm sewer system, showing that more storage
capacity is needed in the current system to prevent flood damages.
Moreover,[17] conducted a study that coupled hydraulic surface flow modeling with dy-
namic sewer flow routing during times of surcharged sewers. For this purpose ”RisUrSim”
an in-house model was developed. The model had three basic modules: RisoReff and Riso-
Surf for the hydrologic and hydraulic surface simulator, and Hamoka for the sewer system
simulator. A sub-catchment in the city of Kaiserslautern was also tested as a case study, the
results indicated that the surface flooding could be reproduced realistically.
Furthermore,[18] proposed a probabilistic model to asses the hydrologic response in large
urban catchments with limited available input data. The output of this model was compared
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with the results of a deterministic model (InfoSWWM)and also with real flow measurements.
A souther suburb of Chicago that had a combined sewer system and flow is being monitoring
by the USGS, was used as study case. On one hand results indicated that for low intensity
storm the model predicted almost identical outflow hydrographs than the ones obtained with
InfoSWMM. However, when comparing the results with real flow measurements it was found
that the shape and timing of the outflow hydrograph were similar but the volume of runoff
was overestimated by the model.
2.2.1 TARP Study conducted by the US Army Corps of Engineers
As part of the Lake Michigan Diversion Committee, a complete study was conducted by the
United States Army Corps of Engineers, Chicago District [19] which evaluated, recalibrated
and tested three hydrological and hydraulic models developed for direct computation of
portions of the diverted flow and for indirect checking of the diversion accounting procedures.
The Hydrological Simulation Program-Fortran (HSPF)was used to estimate Runoff from the
watersheds and to compute the groundwater infiltration into the TARP tunnels while Special
Contributing Area Loading Program (SCALP) allowed to compute the sanitary flood that
need to be added to the runoff in order to get combined sewer flows. And the Tunnel
Network (TNET) Model was used for design and operational planning of TARP system.
The models used for this analysis proved to be accurate for diversion accounting and their
results provided very important improvements for the control and operation of the TARP.
2.2.2 TARP Studies conducted by the University of Illinois at
Urbana-Champaign
Various reports for the Chicago combined sewer system and interceptors done by the the
University of Illinois at Urbana-Champaign as part of the agreement with the District in
developing detailed computer models to better understand the complex hydraulic behaviour
of the current TARP system. Detailed inventory of the various TARP drainage areas were
developed and reported. Additionally, [20] developed a Hydrologic Modeling of the Racine
Pumping Station Service Area Catchment and [21] completed a detailed Modeling of the Hy-
draulic Interceptor for the Calument System. The most recent contribution is the hydrologic
and hydraulic analysis of the Calument TARP system [22].
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2.3 Previous Hydrological and Hydraulic Studies for the Chicago
Deep Tunnel System
Given the uniqueness of the TARP system due to its size and complexity, its hydraulic
behavior is not properly understood, particularly the transition from gravity to surcharged
flows. Reason that opened lots of research opportunities in this area with the development
and application of various models to simulate steady flow, unsteady flow, and hydraulic
transients in the as-built system. In this section some of the completed studies of the system
are presented.
For instance, [23], created a geographic information system (GIS) to manage and store
the geometric and steady-flow hydraulics of the system in the form of hydraulic performance
graphs (HPGs), for their use and visualization. The main advantage of this study is that
it serves as data storage and visualization unit for other models. The available network
information could easily be extracted to model more complex conditions such as unsteady
flow and hydraulic transients.
Moreover,[24] proposed an innovative approach with GIS environment to analyze the con-
veyance capacity and identify bottlenecks in a sewer system by the use of hydraulic perfor-
mance graphs (HPG). The idea is to perform backwater calculations on small spatial steps
for every flow condition in the system. The deep sewer tunnel network of the TARP system
was used to test the model for two different storm events. Results outlined the simplicity
of this approach to provide understanding of the behavior of the system for a variety of
conditions. However, it was found to be inappropriate for the analysis of the system under
unsteady flow conditions resulting from short duration storm events.
Furthermore,[1], developed the Illinois Transient Model, a tool that allows real-time sim-
ulation of unsteady flow in sewer systems and was applied to assess the performance of the
TARP system in Chicago. The advantage of this model lies on its ability to handle complex
boundary conditions which makes possible to include dropshafts, reservoirs and junctions
with any number of connecting pipes into the model.
2.4 Previous Gate Control Operation Studies
As it was mentioned in the previous section, real time control is the ultimate goal of the sewer
system design and analysis. Optimal control of urban sewer system guaranties flooding pre-
vention and CSOs reduction. The idea behind real-time control of an urban drainage system,
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is to generate control strategies that allow prevention based current and past measurements
taken in different points of the system.
Real time control could not be possible without a telemetry and supervisory control system
that allow gate operation based on the flow conditions in strategic points of the system. The
implementation of this type of control system is very expensive, therefore just few cities
in North America and Europe have been economic capable to implemented it. The city of
Chicago is still in the implementation process.
Optimal control in urban drainage systems have shown to be efficient because the full
capacity of the drainage network is used and as a consequence flooding and CSO events
are significantly reduced [25]. In the same study it was also showed that the success of
the control process depends on the telemetric system. And particularly on the ability of
the system to update rainfall measurements in order to control the gates based on current
rainfall information.
Following the same idea of real control of urban sewer systems, [26] proposed a predicted
control model that uses genetic algorithm to optimize the control of sewer systems and reduce
the number CSOs events. The model was tested in a small portion of the TARP system,
proving to be beneficial for decision making on how to control the system. However, the
results are preliminary and there is a lot of room to improve the model to make it more
fitted to real control of the TARP system .
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CHAPTER 3
MODELING METHODOLOGY
3.1 Data Collection
Building a detailed hydrologic/hydraulic model for a combined sewer system requires a large
amount of input data. As a consequence, the lack of accurate input data becomes one of the
main problems to overcome during the modelling process. A system with lack of data includes
those systems with limited quantity of available data and also the ones with low quality and
inconsistent data. The LAUSS falls into booth categories, since the quantity and quality of
the available data for the pipe network system was poor. The main reason is because this
system was constructed 40 years ago and by that time neither a computer graphical interface
software to draw the networks and structures such as Autocad nor a geographic information
systems such as ArcGIS to store and manage the information existed.
The type and amount of input data that might be required for the hydrologic and hydraulic
model of the system varies from model to model. Often, the decision of which model to use
is determined by the available information. For instance if the pipe network system has
most of the data then a deterministic model would be a good call, but on the contrary if the
available data is limited then an stochastic model would be a better option for this system.
3.1.1 Combined Pipe Sewer Network Geometric Information
The LAUSS conveys the combined sewer flow from the north west portion of the City of
Chicago. In order to determine the amount of flow entering the tunnel through its drop
shafts, a hydrologic and hydraulic model of the combined sewer system is needed. To build
this model the geografic information system ArcGIS was used, the projected geographic
coordinate system NAD 1983 UTM Zone 16N is used to perform all mapping within ArcGIS.
The first step was to delineate the service area of the system by identifying the combine
sewer network that contributes to each drop shaft. During this process caution needed to
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be taken in identifying interceptor pipes that needed to be modeled by a separate hydraulic
model. Thus,the part of the sewer flow that is diverted to either a water treatment plant or
to the TARP system is taken into account .
For the service area delineation the pipe network information is required. These data was
obtained from the available TARP inventory that was created in the in the Ven Te Chow
Hydrosystems Laboratory in UIUC. Most of the available information for the pipe network
sewer system was digitized from the maps of the Chicago sewer atlas that contained incom-
plete data in terms of invert elevations and pipe diameter. The majority of the contributing
areas were previously digitized, however, few of them still needed to be digitized.
Once the entire service area was identified and delineated, the next step consisted in
dividing the area into small subcatchments based on the area contributing to each drop
shaft. For some case the resulting area constituted one individual subcatchment. However,
there could be more than one area contributing to each drop shaft depending on how the
sewer system connects to the deep tunnel. For instance, the sewer pipes could be directly
connected with either a drop shaft, a interceptor line or with the high level tunnels that
conform of the system. For the last two cases more than one area contributes to the same
drop shaft. Based on this criteria, 24 subcatchments were found to contribute to the 10 drop
shafts of the Lawrence Avenue Tunnel.
The criteria used to subdivide the service area into small contributing areas was based on
removing the loops in the pipe sewer network, or taking into account hydraulic structures
such as weirs which could divert flow in multiple directions. The subcatchments area can
be easily delineated by having the inlets location along with the street map, the digital
elevation map and the satellite orthoimagery and digital topographic map. Figure3.1 depicts
the service area and its 24 delineated subcatchments.
While working on this process it was important to double check if the paper copies of the
maps had extra information that would help to update the digitized information.
3.1.2 Determination of Geometric Data for Subcatchments with limited or
none available Data
During the subcatchment delineation process it was determined that two service areas
(Melvina-1 and Melvina-2) didn’t have the pipe diameter and slope information. In or-
der to derive this input parameters required to run the IUHM model, [29] developed two
methodologies for subcatchments with limited data.
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Figure 3.1: Overview of the Service Areas Intercepted by the LAUSS
The first methodology derives a set of ratios for urban sewer systems based on Horton’s
and Strahler’s stream order laws [6]. The mean diameter ratio obtained for the Calumet
System [29], was used to estimate the corresponding mean diameter for each pipe order of
the LAUSS subcatchments with missing data.
Once the pipe diameters were determined, the second methodology is applied. This
method is based on the fact that the existing combined sewer systems were designed based
on a set of commonly accepted principles. Therefore, one of the most common design ap-
proaches using the Manning s formula is applied:
v =
k
n
Rh
2/3S1/2 (3.1)
where v is the cross-sectional average velocity, k is a conversion constant equal to 1.486
for U.S. customary units or 1.0 for SI units, n is Mannings roughness for a concrete pipe, Rh
is the hydraulic radius and S is the conduit slope.
Assuming a minimum velocity 3ft/s which is recommended for storm sewers, and a Man-
nings n value of 0.016 for concrete pipes. The following explicit relationship between slope
and diameter was found:
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S = 0.6625D−4/3 (3.2)
By using equation (3.2), the slope for each conduit in the system was derived based on
the average diameter of the conduits that were found with the first method.
The resulting diameters and slopes are presented in a table in appendix A.
3.1.3 Slope, Percentage of Imperviousness, Land Use and Soil Information
After the subcatchment delineation, the next step is to determine the physical properties for
each subcatchment. Is worth to mention that all the corresponding digital information was
obtained from the archives of previous models of the TARP system developed as part of the
agreement between the UIUC Hydrosystems Laboratory and MWRD. The required physical
properties are presented below.
(a) Imperviousness: a raster of the the City of Chicago that indicates the percentage of
imperviousness of each area within the city, was used for this analysis.
(b) Slope: for this purpose a DEM for the city of Chicago with one third resolution was
utilized. With the use of ArcGIS tools the slope was calculated.
(c) Land Use: a shapefile with the city of Chicago land use was usedd.
(d) Soil Type: a shapefile containing the cook county soil types was utilize.
ArcGIS was used extensively in the determination of the physical properties for the hy-
drologic model. The imperviousness, slope, land use and the soil layer were clipped to fit
the service area boundary of each subcatchment. Soil associations and land use were then
dissolved to highlight the soil and land use distribution within each service area.
3.1.4 Rainfall Data
Rainfall is the main forcing that drives the sewer system and therefore is the most important
input parameter of the hydrologic model. Being precipitation so important lots of informa-
tion is available on the World Wide Web for this input parameter. For the city of Chicago
many agencies such as the Illinois State Water Survey (ISWS), Metropolitan Water Reclama-
tion District (MWRD), the US Geological Survey (USGS) and the National Oceanographic
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Atmospheric Administration (NOAA), have installed several gauging stations within the city
and district limits in order to keep a historical record of this parameter. Nearly 24 rain gage
stations are operated for each of this agencies in the Chicago district area as it can be seen
in figure 3.2.
Available precipitation data from gauge stations located in and around the service area
of the Lawrence Avenue system were collected from ISWS and MWRD gauges stations.
Moreover,hourly records of precipitation for the ISWS rain gages and ten minutes records
for the MWRD gauges were available for most of the recent storm events that were selected
to be modeled in this study. These events are listed below.
• August 22− 25, 2007 Storm
• September 12− 14, 2008 Storm
• February 26− 27, 2009 Storm
• July 23− 25, 2010 Storm
To determine which gauges contributed to the Lawrence Avenue Tunnel service area, the
thiessen polygon method from [6] was used. As shown in Figure3.1, it was found that only
one MWRD and three ISWS rainfall gauges are within the limits of the LAUSS service area.
The percentage of contribution of each gauge to each of the 24 subcatchments was calcu-
lated with a weighted average of each fraction of the thiessen polygons contributing to the
subcatchment area. By doing that rainfall is assumed to vary spatially between drop shaft
service areas, but it is assumed to be constant within each individual service area. For this
task ArcGIS clip and area tools were used. Figure3.3 shows a detail view of the contribution
of each gauge to the subcatchments. As it can be observe most of the subcatchments are
within the ISWS gauge No.6.
To complete the analysis, four design storms resulting from couple combinations of re-
turn periods T and rainfall duration Td are considered. The ARI storm information for the
Chicago Mayfair Pumping Station which is located within the LAUSS service area was down-
loaded from the National Oceanic Atmospheric Administration (NOAA) Atlas 14. Thus,
uniform rainfall over the entire service area was assumed for this storms.
From the ARI storm information, triangular hyetographs for 12 and 24 hours rainfall
duration over a 2 and 10 years return period were determined assuming a peak intensity of
1/3 of the rainfall duration [27].
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The ARI storm information that was used is listed in the table of Appendix A; where
figures of the resulting hyetographs are shown.
3.1.5 Dry Weather Flow Conditions
The DWF conditions for the LAUSS were determined based on previous estimations that
were done for the interceptor model of the Calumet system [21]. The three parameters listed
below were used for this purpose:
• Population Equivalent (PE)
• Sanitary Composition (SNACOMP)
• A multiplier depending on the month, day, and hour.
The 2010 Chicago Census information was used to estimate the population of each of the
24 subcatchments. The sanitary composition factor is determined using potable water use
data from the city of Chicago.
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The last two parameters are multiplied in order to get the contributing sanity flow for
each service area. The determined average sanitary flows together with the time multipliers
served as inputs to the hydraulic model. All these information is listed in the tables of the
Appendix B.
3.2 Hydrologic and Hydraulic Modeling of the System
The LAUSS system is designed to intercept combined sewer flows that would otherwise
overflow into adjacent rivers or waterways during large storm events. In order to accurately
account for the flow contributing to the system five hydraulic networks must be considered:
1. Overland flow network: denotes the flow path from when rain falls into the ground
until it enters the combined sewer system through an inlet. The predominant hydraulic
network here is the curb and gutter street network.
2. Combined sewer or sanitary sewer network: hundreds of pipes, manholes and inlets
that capture and convey storm and or sanitary flows.
3. Interceptor network: system of conduits that intercept flows from the combined sewer
networks and convey them to treatment plants.
4. High-Level Tunnels in Earth: system of conduits that intercept the excess of the com-
bined sewer flow and convey it trough the drop shafts to the main tunnel.
5. Tunnel system: network of deep tunnels that receive the intercepted combine flow
through drop shafts structures. This system has sluice gates to regulate the flow that
leaves the system.
Numerous hydraulic and hydrologic computer models were mentioned in section 2.1. Given
the relatively small size of the Lawrence Avenue system and the limited available geometric
information of the sewer network; either a simplified deterministic model or a stochastic
model should be considered for the analysis. As an effort to use and to test the just devel-
oped probabilistic hydrologic model ”IUHM” [2], this model was applied for the hydrologic
modeling of the Lawrence Avenue system. The resulting outflow hydrographs from this
model serve as input for the hydraulic model of the interceptor and tunnel system. Among
the hydraulic model packages, SWMM 5.0 was chosen for this study. Beyond being a free
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software, it is capable to solve the fully dynamic wave equation in system with large number
of conduits and nodes. Reasons that make it the most commonly used stormwater model in
the USA.
The last part of the analysis corresponds to the operation of the sluice gates located at
the end of the deep tunnel. For this purpose, an in-house model that aims to reproduce real
time control of the gates was used. All the three used models are discussed in more detail
below.
The following flow chart shown in Figure3.4 outlines the modeling methodology used for
the LAUSS.
3.2.1 Illinois Urban Hydrologic Model (IUHM)
IUHM is an innovating probabilistic approach that aims to predict the hydrologic and hy-
draulic response of combined sewer systems. Its main advantage over the common used
deterministic hydraulic models such as SWMM or Infoworks relays on its capability to per-
form good simulation of combined sewer systems that are missing the hydraulic/hydrologic
input data that such deterministic models require.
Given the fact that the Lawrence Avenue Tunnel system was build more than 45 years ago.
The documentation for the combined sewer system was poor. For instance, the service area
and its subcatchments were not previously delineated. Moreover, during the delineation
process it was determined that all the subcatchments had a high percentage of missing
conduit slopes. In addition to that, few areas had the layout of the combined sewer system
with no data available. As a consequence, based on the quality of the available input data,
IUHM was selected to be the most appropriated model to predict the hydrologic response of
this system.
The methodology behind IUHM is based on the hypothesis that the hydrologic response
of an urban catchment is inherently linked to the structure of the sewer system that conveys
flow through the catchment to its outlet [2]. Different possible flow paths can be identified
within the sewer system, as a consequence various travel times would result depending on
the hydrological and hydraulic properties of each sewer network and it’s subcatchment. The
model calculates the mean and variance of the travel time and combine them with path prob-
abilities to determine the hydrologic response of the system. IUHM uses the Green-Ampt
method for infiltration and the flow is assumed to flow from pervious to impervious regions.
Moreover, the sewer flow routing is assessed with the kinematic wave assumption. Addition-
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ally, being IUHM a probabilistic based model, makes it capable of tracking uncertainty in
the hydrologic response.
Furthermore, IUHM computes the rainfall runoff hydrograph of a subcatchment that con-
tains lots of conduits, junctions, and inlets. The model assumes that each conduit in the
system is fed by an overland flow region that is represented by a thiessen polygon associated
with each junction of the system. The input parameters required to run an IUHM model are
the mean and variance of the following: conduit slope, subcatchment area, overland slope
and subcatchment imperviousness. These parameters can be derived by using a sub-set of
the system’s conduits that have complete hydraulic information in terms of diameter, length,
slope etc; and sub-set of overland regions within a subcatchement for which the hydrologic
characteristics (eg. area, slope, imperviousness etc.) are complete.
An IUHM model was developed for each of the 24 subcatchmets. For this task the guide-
lines for preparing ArcGIS database for IUHM modeling and determining IUHM parameters
[28] was extensively used. Additionally,[29] was used to establish the missing diameters and
slopes of two subcatchments where the only available information was the combined sewer
system layout. The detailed procedure for the IUHM parameters determination and the
corresponding resulting values for each service area is provided in Appendix A.
Something worth to mention is that the interceptor conduits were included within IUHM
to create larger catchment areas. As a result, flows are routed from upstream subcatchments
to the drop shaft. Caution needed to be taken to ensure that hydraulic structures located
within the interceptor network such as weirs, are not bypassed in the IUHM model.
3.2.2 Interceptor SWMM 5.0 Model
During the subcatchment delineation process the existence of an interceptor system was
determined. Therefore, a hydraulic model of this system requires to be developed in order to
determine the portion of the flow that is derived by an interceptor structure before entering
a tunnel drop shaft. SWMM 5.0 was used for this purpose. Not only this model has been
widely used for this type of modeling [21, 30], but also it is the only free software that solves
the full dynamic wave equation and is capable to handle unsteady flow and backwater effects.
The storm water management model ”SWMM”, was developed by the Environmental
Protection Agency (EPA) [5]. This model is capable to route runoff and external inflows
through an unlimited size network of pipes, channels, storage/treatment units and diversion
structures. It includes a large variety of standard closed and open conduit shapes as well as
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natural channels plus special elements such as pumps, weirs, orifices, dividers and storage
units. External flows from surface runoff, infiltration inflow, dry weather flow, groundwater
flow and user-defined inflows can be easily introduced in the model. Additionally, it includes
the following three different routing methods: uniform flow, kinematic wave, and full dynamic
wave. Thus, SWMM 5.0 is capable to model various flow regimes, such as backwater,
surcharging, reverse flow, and ponding. Moreover, it allows for real time control for orifices
and weir openings as well as pump status through the use of defined control rules.
The developed SWMM model simulates the hydraulics of the interceptor system depicted
in figure 3.5 . The required geometry was obtained from the digitized sewer network maps.
The model inputs are the corresponding output hydrographs from the IUHM model plus the
estimated dry weather flows. Moreover, the full dynamic wave model was used as routing
method; and the side weir coefficient from [7] was utilized for the existing side weirs.
The detailed interceptor model inputs and output hydrograph can be found in Appendix
B.
Figure 3.5: Description of the Lawrence Avenue Underflow Sewer System a)Inteceptor
System, b)High Level unnels and Deep Tunnel System
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3.2.3 High-Level Combined Sewer Tunnels SWMM 5.0 Model
As it was mentioned before, the LAUSS has four levels. The first two levels corresponding
to the sewer network and the interceptor system were modeled in the previous sections by
IUHM and SWMM respectively. The third level is constituted by the system of high level
combine sewer tunnels with pipes up to 6.5 ft in diameter. This tunnels convey the flow
from different sewer networks to the deep tunnel system.
Four separate high-level tunnel systems were identified, each of which connects to a differ-
ent drop shaft as is depicted in figure 3.5. A SWMM model for each system was developed
in order to determine the flow that will enter the deep tunnel. The IUHM outflow hydro-
graphs and the corresponding dry weather flow for each subcatchment that connects to the
high-level tunnels were used as inputs to the hydraulic model. Additionally, the full dynamic
wave routing method was utilized; and the side weir coefficient from [7] was used for the
existing side weirs.
The detailed hydraulic model of these four high-level tunnel systems and their resulting
outflow hydrographs are presented in Appendix B.
3.2.4 Deep Tunnel SWMM 5.0 Model
One of the goals of this study is to asses the hydraulic performance of the LAUSS. All the
previous developed models allowed to get the input combine sewer flow hydrographs required
as inputs for each drop shaft of the tunnel system. Information that provides an accurate
estimation the peak flow and the volume of water that would enter the system for different
storm depths.
SWMM 5.0 was selected to model the underflow tunnel system outlined in figure 3.5. This
model has not only prove to be capable of simulating the hydraulics of the TARP system
under a variaty of conditions [22, 20], but also it is the only free software that solves the full
dynamic wave equation and is capable to handle unsteady flow and backwater effects. How-
ever, this model cannot be reliably used in situations where hydraulics of transients/surges
need to be understood and where the hydraulics of the drop shafts needs to be considered.
As an effort to create a more realistic and suitable model. Three different SWMM geo-
metric scenarios were created for the tunnel and its drop shafts . These scenarios are listed
below:
• Scenario 1: The geometry of the drop shafts was not considered. Rather a normal deep
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manhole was used instead. Inflow hydrographs were imposed to the system at certain
junctions representing drop-shaft structures. Additionally, pounded was allowed in the
junctions as an effort to account for the volume of flow that can be store inside the
drop shafts.
• Scenario 2: Same as scenario 1, but instead of having the input hydrograph entering
at the junctions representing the drop shafts, additional small pipes were added to the
drop shaft junctions. Hence, the inflow hydrographs were imposed at the upstream
junction of these pipes instead. This assumption, gives a more realistic case because
the flow is forced to enter the tunnel through the upstream end of the drop shaft.
• Scenario 3: A simple storage curve(area vs. depth) was developed as an effort to
account for the volume of each drop shaft. Hence, drop shafts are represented by
storage units in the SWMM 5.0 model. This approach aims to give a better estimate of
the volume of flow that can be store in the drop shafts. Likewise, for this scenario, small
pipes were added at the upstream end of each storage unit and the inflow hydrographs
were imposed at the upstream end of this pipes.
A summary sheet describing the model, its inputs and output hydrographs at the end of
the tunnel, for the different storm events are shown in Appendix B.
Furthermore, an scenario for the 23 − 26 of July storm was created using Infoworks CS
[15]. Which served to compare and corroborate the results obtained in SWMM 5.0 for the
same storm. From the modeling perspective, Infoworks has a nicer user interface and the
simulations ran faster than SWMM. In Appendix B the details of this scenario together with
a comparison between SWMM and Infoworks CS is presented.
3.2.5 Sluice Gate Real Time Control Model
As part of the TARP system modeling development contribution from the Ven Te Chow
Hydrosystems Laboratory at UIUC, a model was developed to simulate the hydraulics of the
connecting structures from Interceptor to the TARP drop shafts. This model called ”TARP
Connecting Structures” is a quasi-unsteady flow simulation based on the energy, momentum
and continuity equations applied to conduit hydraulics, obtaining flow discharge and water
elevations in all system conduits. It is capable to handle open channel and pressurized flow
calculations. Thus, it is able to model various flow regimes, such as backwater, surcharging,
and reverse flow. It also takes into account the effect of the downstream water levels, the
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storage capacity of the system, and the effect of control gates. A Real Time version of the
model allows the user to control the gates in real time during the simulation, allowing the
user to react to hydrograph outputs accordingly by modifying the gate opening as if it was
the operator of the system.
Few input data is required to run the model: the basic dimensions of the conduits, the gates
and the chamber as far as geometry of the system is concerned, and input flow hydrograph
and downstream water levels as inputs for the hydraulics. Optionally, the model asks for a
storage curve (area vs. depth) that can be introduced in the simulation in order to take into
account the volume of water that can be stored in the tunnel system. The output of the
model is a flow hydrograph that results from the different gate operations and from how the
flow entering the chamber is regulated. Also, water surface elevations are provided for every
time step based on the backwater curve calculations of the model.
In order to optimize the operation of the sluice gates located at the end of the LAUSS
tunnel, various gate operations for each flow scenario were tested using this model . The
output hydrograph from the SWMM model of the deep tunnel system was imposed to the
”TARP Connecting Structures” model. Also a deep-area curve was developed to take into
account the volume of water that can be store in the tunnel conduits and drop shafts for
different downstream water levels. A summary of the inputs and results of all the simulations
is presented in Appendix C.
At the end of the tunnel two sluice gates control the volume of flow leaving the Lawrence
Avenue Tunnel. For the simulations the sluice gates were considered as a one equivalent
gate. Unfortunately, field measurements in terms of water depth and flow discharges at a
downstream location of the gates are found lacking. Thus for the analysis the downstream
water elevation was set as constant and equal to −236.5ft.
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CHAPTER 4
ANALYSIS
Utilizing the methodology presented in Chapter 3, the three selected hydrologic and hydraulic
models were used to understand and analyse the hydraulic response of the LAUSS to possible
flow conditions by simulating several storm scenarios. The results of this analysis would allow
to assess the optimal operation of the sluice gates located at the end of tunnel. Regulation of
the gates would result from how much combine sewer flow is coming into the system in effort
to store as much flow as possible inside the deep tunnel. The results of these investigations
are summarized in this section.
As it was stated in the methodology section, three different geometric scenarios were
developed for the deep tunnel analysis. According to the results from one storm event (July
23− 25, 2010), it was determined that the most accurate scenario is the third one; for which
drop shafts were considered as storage units in the SWMM 5.0 model. The following analysis
for the LAUSS was made using the results of this scenario.
4.1 August 22− 25, 2007 Storm
The storm of August 22−25, 2007 resulted in 3.2 to 3.4 inches of precipitation over a 96-hour
period, and had a maximum hourly precipitation of 1.45 inches. Comparing this value with
the ARI storm information for a NOAA station located within the LAUSS service area; it
was found that this maximum exceeds the 2 year return period storm (annual exceedance
probability 50%).
The results of the system’s dynamic wave simulation in SWMM 5.0 in terms of volume
and flow are summarized in Table 4.1 and Figure 4.1, where the system’s capacity under
peak flow conditions is represented.
30
Table 4.1: Results Summary for the August 22− 25, 2007 Storm
AUGUST 22− 25, 2007 STORM
System Outlet
System Total Surf. Dry W.1 Total Avg. Max. Total Avg. Max.
Runoff Inflow Volume Flow Flow Volume Flow Flow
[million [million [million [cfs] [cfs] [million [cfs] [cfs]
gallons] gallons] gallons] gallons]
Int&Drake 171.1 101.3 272.4 205.3 1516.6 158.2 54.9 246.5
Melvina 36.5 17.7 54.2 23.8 630.1 54.0 23.8 630.1
Long 18.8 7.5 26.3 9.1 332.1 26.3 9.1 332.1
Menard 27.3 15.5 42.8 12.1 465.0 14.3 4.0 230.3
Lawrence 347.0 37.7 384.6 133.3 2345.0
Tunnel
Figure 4.1: Interceptor and High Level Tunnels Capacity Under Peak Flow Conditions for
the August 22− 25, 2007 Storm
1Note: The real DWF volume might be slightly higher since part of it was routed in the interceptor and
the high level tunnels models. Therefore, this extra volume is included in the volume of these systems.
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As outlined in Figure 4.1 the interceptor and the high level tunnels showed to have inad-
equate capacity to convey flow close to the peak flow time. As a consequence, significant
backwater effects were present in portions of these systems. Moreover, the side weirs lo-
cated within the interceptor system were overtoped. Thus, around 158.2 million gallons of
combined sewer remained in the LAUSS system, while 95 million gallons were diverted to
the storm sewer system and from there to a TARP drop shaft. Furthermore, the capacity
of the deep tunnel was reached during peak flow condition only in a portion of the network
where bottlenecks were easily identified as observed in Figure4.1. Three different sluice-gate
operation scenarios were considered:
(i) Leave the sluice gates fully open
(ii) Leave the sluice gates 33% open
(iii) Real Time Control Operation of the Gate
For the first scenario, all the volume of water coming out of the Lawrence Avenue Tunnel
rapidly passed through. Neither surcharge nor backwater effects were present in the tunnel.
The second scenario, showed that all the volume of water could be conveyed through the
gates without surcharging the tunnel. Inevitable backwater effects were present for the high
peak flow (2345cfs), due to the partial closure of the gate which limited the volume of water
passing through it.
In an attempt to further assess the optimal opening of the sluice gate that would allow
for the maximum storage of combined sewer volume in the tunnels without surcharge; a real
time operation of the gate was performed. After several simulations with different operation
conditions, it was found that for this storm the optimal operation would be as follows: 10%
open during the first 40 hours for which the flow was less than 630cfs; for the rising limb of
the hydrograph the gate opening was increased to 33%F˙inally after approximately 2 hours
the falling limb of the hydrograph was reached, hence the opening was reduced to 10% for
the rest of the storm. The resulting gate operation allowed for the storage and conveyance
of the water volume generated by this storm without surcharging the gate chamber and the
upstream tunnel system. Certainly, backwater effects resulted from the sudden opening and
closure of the gate.
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4.2 September 12− 14, 2008 Storm
The storm of September 12 − 14, 2008 resulted in 6.65 to 8.39 inches of precipitation over
a 72-hour period, and had a maximum hourly precipitation of 1.17 inches. Comparing this
value with the ARI storm information for a NOAA station located within the LAUSS service
area; it was found that this maximum corresponds to the 1 year return period storm (annual
exceedance probability 100%).
The results of the system’s dynamic wave simulation in SWMM 5.0 in terms of volume
and flow are summarized in Table 4.2 and Figure 4.2, where the system’s capacity under
peak flow conditions is represented.
Table 4.2: Results Summary for the September 12− 14, 2008 Storm
SEPTEMBER 12− 14, 2008 STORM
System Outlet
System Total Surf. Dry W.2 Total Avg. Max. Total Avg. Max.
Runoff Inflow Volume Flow Flow Volume Flow Flow
[million [million [million [cfs] [cfs] [million [cfs] [cfs]
gallons] gallons] gallons] gallons]
Int&Drake 496.1 69.6 565.7 434.79 1554.5 156.6 54.9 246.5
Melvina 63.6 12.3 75.8 47.5 271.2 75.8 47.5 271.2
Long 39.7 5.2 44.9 20.1 179.2 44.9 20.1 179.2
Menard 48.9 8.8 57.7 25.84 214.4 20.5 16.6 101.2
Lawrence 501.8 26.2 528.0 236.0 1565.2
Tunnel
As highlighted in Figure 4.2 the interceptor showed to have inadequate capacity to convey
flow close to the peak flow time. As a result, significant backwater effects and bottlenecks
were present in portions of the system. Moreover, around 156.6 million gallons of combined
sewer remained in the LAUSS system, while 352.5 million gallons were diverted to the storm
sewer system through the side weirs. Furthermore, 75% of the tunnel network capacity was
2Note: The real DWF volume might be slightly higher since part of it was routed in the interceptor and
the high level tunnels models. Therefore, this extra volume is included in the volume of these systems.
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Figure 4.2: Interceptor and High Level Tunnels Capacity Under Peak Flow Conditions for
the September 12− 14, 2008 Storm
reached during peak flow condition. Three different sluice-gate operation scenarios were
considered:
(i) Leave the sluice gates fully open
(ii) Leave the sluice gates 33% open
(iii) Real Time Control Operation of the Gate
For the first scenario the volume of combined sewer coming out of the tunnel was conveyed
without experiencing surcharge conditions or backwater effects. Moreover, for a sluice gate
opening of 33%, none surcharge conditions were observed, however, backwater effects were
present for the high peaks flows (1400cfs,1590cfs,920cfs), due to the partial closure of the
gate which limited the volume of water that can pass through it.
Furthermore, optimal real time regulation of the gate was performed as an effort to achieve
the maximum storage of combined sewer volume in the tunnels without surcharge. It was
found that for this storm the optimal operation would be as follows: 10% open for the first
25 hours; this opening was increased to 33% to overcome the three peaks of the hydrograph.
Finally after 40 hours of simulation the opening was set back to 10% until the end of the
hydrograph. The resulting gate operation leaded to changes in the flow profile. For instance,
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the sudden increase in the gate opening produced a decrease in the upstream water depth
and more volume of water passed through. On the contrary, when the gate experienced a
partial closure, backwater effects were present.
4.3 February 26− 27, 2009 Storm
The storm of February 26− 27, 2009 resulted in 3.2 to 3.4 inches of precipitation over a 96-
hour period, and had a maximum hourly precipitation of 0.75 inches. Comparing this value
with the ARI storm information for a NOAA station located within the LAUSS service area;
it was found that this maximum equals the 65% of the 1 year return period storm (annual
exceedance probability 100%).
The results of the system’s dynamic wave simulation in SWMM 5.0 in terms of volume
and flow are summarized in Table 4.3 and Figure 4.3, where the system’s capacity under
peak flow conditions is represented.
Table 4.3: Results Summary for the February 26− 27, 2009 Storm
FEBRUARY 26− 27, 2009 STORM
System Outlet
System Total Surf. Dry W.3 Total Avg. Max. Total Avg. Max.
Runoff Inflow Volume Flow Flow Volume Flow Flow
[million [million [million [cfs] [cfs] [million [cfs] [cfs]
gallons] gallons] gallons] gallons]
Int&Drake 116.1 39.7 155.8 315.41 1068.5 68.1 53.4 185.0
Melvina 21.2 7.0 28.2 32.5 248.7 28.2 32.5 248.7
Long 12.6 3.0 15.6 12.02 162.4 15.5 12.0 162.4
Menard 16.3 5.0 21.4 16.54 201.1 7.5 5.8 106.4
Lawrence 181.4 15.0 196.4 151.7 1428.4
Tunnel
3Note: The real DWF volume might be slightly higher since part of it was routed in the interceptor and
the high level tunnels models. Therefore, this extra volume is included in the volume of these systems.
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Figure 4.3: Interceptor and High Level Tunnels Capacity Under Peak Flow Conditions for
the February 26− 27, 2009 Storm
As depicted in Figure 4.3, backwater effects are present in portions of the interceptor
network. In addition, the flow is pressurized during peak flow time. As a result, the side
weirs located within the interceptor were overtoped and 68.1 million gallons of combined
sewer remained in the LAUSS while about 80 million gallons were diverted to the storm
sewer system. Moreover, the tunnel network capacity was never reached during this storm.
For the sluice-gate operation analysis three different scenarios were considered:
(i) Leave the sluice gates fully open
(ii) Leave the sluice gates 33% open
(iii) Real Time Control Operation of the Gate
For the first two scenarios, no surcharge conditions were present in the tunnel. However,
when the gate opening was set to 33%; backwater effects resulted for the high peak flow
condition (1400cfs). Furthermore, assessment of the optimal opening of the sluice gate was
performed. Results showed that for this storm the optimal operation would be as follows:
10% during the first 17 hours for which the flow discharge was less than 600cfs; for the rising
limb of the hydrograph the gate opening was increased to 30%F˙inally after approximately
23 hours of simulation the falling limb of the hydrograph was reached and the opening was
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reduced back to 10% for the rest of the hydrograph. The resulting gate operation allowed for
the storage and conveyance of the water volume generated by this storm without surcharging
the gate chamber and the upstream tunnel system. Certainly, backwater effects resulted from
the sudden opening and closure of the gate.
4.4 July 23− 25, 2010 Storm
The storm of July 23−25, 2010 resulted in 4.18 to 6.76 inches of precipitation over a 60-hour
period, and had a maximum hourly precipitation of 1.22 inches. Comparing this value with
the ARI storm information for a NOAA station located within the LAUSS service area;
it was found that this maximum corresponds to a storm with an average return interval
between 1 and 2 years (annual exceedance probability 100% and 50%).
The results of the system’s dynamic wave simulation in SWMM 5.0 in terms of volume
and flow are summarized in Table 4.4 and Figure 4.4, where the system’s capacity under
peak flow conditions is represented.
Table 4.4: Results Summary for the July 23− 25, 2010 Storm
JULY 23− 25, 2010 STORM
System Outlet
System Total Surf. Dry W.4 Total Avg. Max. Total Avg. Max.
Runoff Inflow Volume Flow Flow Volume Flow Flow
[million [million [million [cfs] [cfs] [million [cfs] [cfs]
gallons] gallons] gallons] gallons]
Int&Drake 337.1 66.2 403.4 757.13 1877.2 117.6 61.1 328.8
Melvina 89.2 11.7 100.8 67.89 745.7 97.7 67.9 745.7
Long 48.8 5.0 53.8 27.4 400.0 53.2 27.4 400.0
Menard 68.0 8.4 76.4 39.43 632.3 76.4 18.2 306.8
Lawrence 553.2 24.6 577.8 297.6 3293.2
Tunnel
4Note: The real DWF volume might be slightly higher since part of it was routed in the interceptor and
the high level tunnels models. Therefore, this extra volume is included in the volume of these systems.
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Figure 4.4: Interceptor and High Level Tunnels Capacity Under Peak Flow Conditions for
the July 23− 25, 2010 Storm
As outlined in Figure 4.4 the interceptor and the high level tunnels showed to have inad-
equate capacity to convey flow close to the peak flow time. As a consequence, significant
backwater effects were present in portions of these systems. Moreover, the side weirs located
within the interceptor system were overtoped. Thus, around 117.6 million gallons of com-
bined sewer remained in the LAUSS system, while 246.5 million gallons were diverted to
the storm sewer system and from there to a TARP drop shaft. Furthermore, the capacity
of the deep tunnel was reached during peak flow condition only in a portion of the network
where bottlenecks were easily identified as observed in Figure 4.4. Three different sluice-gate
operation scenarios were considered:
(i) Leave the sluice gates fully open
(ii) Leave the sluice gates 33% open
(iii) Real Time Control Operation of the Gate
For the first scenario, neither surcharge nor backwater effects were present in the tunnel.
However, it was observe that for high peak flow the capacity of the chamber was almost
reached. Moreover, the second scenario showed that under peak flow conditions, the capacity
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of the chamber was instantaneously reached. Hence, backwater effects resulted from the
upstream water level rise.
In an attempt to further assess the optimal opening of the sluice gate gate that would
allow for the maximum storage of combined sewer volume in the tunnels without surcharge;
a real time operation of the system was performed. Results showed that for this storm the
gate could be operated as follows: 10% open during the first 22 hours for which the flow
was less than 600cfs; for the rising limb of the hydrograph the gate opening was increased
to 33%F˙inally after approximately 33 hours of simulation the falling limb of the hydrograph
was reached and the opening was reduced to 10% for the rest of the storm.
As an effort to evaluate the results obtained by using the combination of SWMM 5.0 and
the real time control of the gate model; couple Infoworks simulations of the tunnel with the
gate were developed. The same inflow hydrographs from IUHM were used as inputs to the
model. However, dry weather flow conditions were not considered. As it can be observed
in appendix B, fairly good agreement exist between the results obtained by the two models.
Mainly the present differences are due to the fact that dry weather flow conditions were not
considered in the Infoworks simulations.
4.5 Design Storms
As mentioned in the previous section, the hydrologic model was run for the 2 and 10-year
ARI design storms with 12 and 24 hour durations to further investigate the system response,
to a set of single event rain storms. These design storms assume uniform rainfall over the
entire service area and triangular hyetographs with a peak intensity at 1/3 of the rainfall
duration are use to describe the temporal distribution of rainfall[27].
4.5.1 2-Year, 12-Hour Design Storm
The 2-year, 12-hour design storm produces 2.46 inches of precipitation over a 12-hour pe-
riod, with a maximum intensity of 0.24 inches/hr. Total surface runoff from this storm over
the Calumet TARP CSO service area was 185.8 million gallons. During the course of this
event, the DWF was estimated as an additional 7.2 million gallons. Which adds up to a
total volume of 193 million gallons.
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The results of the system’s dynamic wave simulation in SWMM 5.0 in terms of volume
and flow are summarized in Table 4.5 and Figure 4.5, where the system’s capacity under
peak flow conditions is represented.
Table 4.5: Results Summary for the 2-Year, 12-Hour Design Storm
2-Year, 12-Hour Design Storm
System Outlet
System Total Surf. Dry W.5 Total Avg. Max. Total Avg. Max.
Runoff Inflow Volume Flow Flow Volume Flow Flow
[million [million [million [cfs] [cfs] [million [cfs] [cfs]
gallons] gallons] gallons] gallons]
Int&Drake 137.8 19.4 157.2 397.9 799.3 47.8 76.0 139.0
Melvina 21.5 4.2 25.7 54.33 142.3 25.7 54.3 142.3
Long 11.5 1.5 13.0 20.2 76.7 13.0 20.2 76.7
Menard 15.4 2.9 18.3 29.7 101.1 5.8 9.4 38.9
Lawrence 185.8 7.2 193.0 298.4 1000.5
Tunnel
As depicted in Figure 4.5, backwater effects are present in portions of the interceptor
network. In addition, the flow is pressurized during peak flow time. As a result, the side
weirs located within the interceptor were overtoped and 47.8 million gallons of combined
sewer remained in the LAUSS while about 104.5 million gallons were diverted to the storm
sewer system. Moreover, the tunnel network conduits were flowing half full during peak
time. Three different sluice-gate operation scenarios were considered:
(i) Leave the sluice gates 33% open
(ii) Leave the sluice gates 20% open
(iii) Real Time Control Operation of the Gate
For the first two scenarios, no surcharge conditions were present in the tunnel. However,
when the gate open was set to 20%; backwater effects resulted for the high peak flow condition
5Note: The real DWF volume might be slightly higher since part of it was routed in the interceptor and
the high level tunnels models. Therefore, this extra volume is included in the volume of these systems.
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Figure 4.5: Interceptor and High Level Tunnels Capacity Under Peak Flow Conditions for
the 2-Year, 12-Hour Design Storm
(1000cfs). Furthermore, assessment of the optimal opening of the sluice gate was performed.
Results showed that for this storm the optimal operation would be as follows: 10% open
during the first 4 hours for which the flow discharge was less than 600cfs; for the rising limb
of the hydrograph the gate opening was increased to 20%F˙inally after 13 hours of simulation
the falling limb of the hydrograph was reached and the opening was reduced back to 10% for
the rest of the storm. The resulting gate operation allowed for the storage and conveyance
of the water volume generated by this storm without surcharging the gate chamber and the
upstream tunnel system. Certainly, backwater effects resulted from the sudden opening and
closure of the gate.
4.5.2 2-Year, 24-Hour Design Storm
The 2-year, 24-hour design storm produces 2.85 inches of precipitation over a 24-hour period,
with a maximum intensity of 0.14 inches/hr. Total surface runoff from this storm over the
Calumet TARP CSO service area was 180.5 million gallons. During the course of this event,
the DWF was estimated as an additional 14.6 million gallons. Which adds up to a total
volume of 195.1 million gallons.
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The results of the system’s dynamic wave simulation in SWMM 5.0 in terms of volume
and flow are summarized in Table 4.6 and Figure 4.6, where the system’s capacity under
peak flow conditions is represented.
Table 4.6: Results Summary for the 2-Year, 24-hour Design Storm
2-Year, 24-hour Design Storm
System Outlet
System Total Surf. Dry W.6 Total Avg. Max. Total Avg. Max.
Runoff Inflow Volume Flow Flow Volume Flow Flow
[million [million [million [cfs] [cfs] [million [cfs] [cfs]
gallons] gallons] gallons] gallons]
Int&Drake 151.3 39.4 190.7 262.7 510.5 81.5 63.9 118.6
Melvina 25.0 8.4 33.4 32.4 88.1 33.3 32.5 88.1
Long 11.4 3.0 14.4 11.1 40.8 14.3 11.1 40.8
Menard 17.9 5.9 23.8 18.8 62.6 6.2 4.9 18.4
Lawrence 180.5 14.6 195.1 150.9 485.5
Tunnel
As depicted in Figure 4.6, backwater effects are present in portions of the interceptor
network. In addition, the flow is pressurized during peak flow time. As a result, the side
weirs located within the interceptor were overtoped and 81.5 million gallons of combined
sewer remained in the LAUSS while about 107.6 million gallons were diverted to the storm
sewer system. Moreover, the tunnel network conduits were flowing half full during peak
time. For the sluice-gate operation analysis two different scenarios were considered:
(i) Leave the sluice gates 33% open
(ii) Leave the sluice gates 10% open
For the two scenarios, no surcharge conditions were present in the tunnel. However, when
the gate opening was set to 10%, backwater effects resulted for the high peak flow condition
(500cfs).
6Note: The real DWF volume might be slightly higher since part of it was routed in the interceptor and
the high level tunnels models. Therefore, this extra volume is included in the volume of these systems.
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Figure 4.6: Interceptor and High Level Tunnels Capacity Under Peak Flow Conditions for
the 2-Year, 24-hour Design Storm
4.5.3 10-Year, 12-Hour Design Storm
The 10-year, 12-hour design storm produces 3.73 inches of precipitation over a 12-hour
period, with a maximum intensity of 0.363 inches/hr. Total surface runoff from this storm
over the Calumet TARP CSO service area was 240.2 million gallons. During the course of
this event, the DWF was estimated as an additional 7.2 million gallons. Which adds up to
a total volume of 247.4 million gallons.
The results of the system’s dynamic wave simulation in SWMM 5.0 in terms of volume
and flow are summarized in Table 4.7 and Figure 4.7, where the system’s capacity under
peak flow conditions is represented.
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Table 4.7: Results Summary for the 10-Year, 12-hour Design Storm
10-Year, 12-Hour Design Storm
System Outlet
System Total Surf. Dry W.7 Total Avg. Max. Total Avg. Max.
Runoff Inflow Volume Flow Flow Volume Flow Flow
[million [million [million [cfs] [cfs] [million [cfs] [cfs]
gallons] gallons] gallons] gallons]
Int&Drake 239.0 19.4 258.4 622.18 1285.6 55.2 87.8 170.6
Melvina 33.6 4.2 37.8 81.1 214.7 37.8 81.1 214.7
Long 22.1 1.5 23.6 36.6 145.7 23.6 36.6 145.7
Menard 25.7 3.0 28.7 44.5 166.8 11.4 17.8 82.5
Lawrence 240.2 7.2 247.4 382.7 1337.2
Tunnel
Figure 4.7: Interceptor and High Level Tunnels Capacity Under Peak Flow Conditions for
the 10-Year, 12-hour Design Storm
7Note: The real DWF volume might be slightly higher since part of it was routed in the interceptor and
the high level tunnels models. Therefore, this extra volume is included in the volume of these systems.
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As depicted in Figure 4.7, backwater effects are present in portions of the interceptor
network. In addition, the flow is pressurized during peak flow time. As a result, the side
weirs located within the interceptor were overtoped and 55.2 million gallons of combined
sewer remained in the LAUSS while about 184.8 million gallons were diverted to the storm
sewer system. Moreover, the tunnel network conduits were flowing half full during peak
time. Two different sluice-gate operation scenarios were considered:
(i) Leave the sluice gates 33% open
(ii) Real Time Control Operation of the Gate
For the scenarios, no surcharge conditions were present in the tunnel. In addition, back-
water effects were observed during the peak of the hydrograph. Furthermore, assessment of
the optimal opening of the sluice gate was performed. Results showed that for this storm
the optimal operation would be as follows: 10% open during the first 4 hours for which the
flow discharge was less than 600cfs; for the rising limb of the hydrograph the gate opening
was increased to 20%F˙inally after 13 hours of simulation the falling limb of the hydrograph
was reached and the opening was reduced back to 10% for the rest of the hydrograph. The
resulting gate operation allowed to store and convey the volume of water generated by this
storm without surcharging the gate chamber and the upstream tunnel system. Certainly,
backwater effects resulted from the sudden opening and closure of the gate.
4.5.4 10-Year, 24-Hour Design Storm
The 10-year, 24-hour design storm produces 4.33 inches of precipitation over a 24-hour
period, with a maximum intensity of 0.213 inches/hr. Total surface runoff from this storm
over the Calumet TARP CSO service area was 278.9 million gallons. During the course of
this event, the DWF was estimated as an additional 14.6 million gallons. Which adds up to
a total volume of 293.5 million gallons.
The results of the system’s dynamic wave simulation in SWMM 5.0 in terms of volume
and flow are summarized in Table 4.8 and Figure 4.8, where the system’s capacity under
peak flow conditions is represented.
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Table 4.8: Results Summary for the 10-Year, 24-Hour Design Storm
10-Year, 24-Hour Design Storm
System Outlet
System Total Surf. Dry W.8 Total Avg. Max. Total Avg. Max.
Runoff Inflow Volume Flow Flow Volume Flow Flow
[million [million [million [cfs] [cfs] [million [cfs] [cfs]
gallons] gallons] gallons] gallons]
Int&Drake 259.7 39.4 299.1 420 822.8 91.5 71.8 139.8
Melvina 39.1 8.4 47.5 49.4 131.2 47.4 49.4 131.2
Long 23.1 3.0 26.1 20.2 82.0 26.1 20.2 82.0
Menard 28.1 5.9 34.0 26.9 93.8 10.4 8.2 35.1
Lawrence 278.9 14.6 293.5 227.0 809.0
Tunnel
Figure 4.8: Interceptor and High Level Tunnels Capacity Under Peak Flow Conditions for
the 10-Year, 24-Hour Design Storm
8Note: The real DWF volume might be slightly higher since part of it was routed in the interceptor and
the high level tunnels models. Therefore, this extra volume is included in the volume of these systems.
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As depicted in Figure 4.8, backwater effects are present in portions of the interceptor
network. In addition the flow is pressurized during peak flow time. As a result, the side
weirs located within the interceptor were overtoped and 91.5 million gallons of combined
sewer remained in the LAUSS while about 201.8 million gallons were diverted to the storm
sewer system. Moreover, the tunnel network conduits were flowing half full during peak
time. Two different sluice-gate operation scenarios were considered:
(i) Leave the sluice gates 33% open
(ii) Leave the sluice gates 15% open
For the two scenarios, no surcharge conditions were present in the tunnel. However, when
the opening was set to 10%, backwater effects resulted for the high peak flow (800cfs).
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4.6 Comparative Analysis
Three historical events were selected among the simulated storms: i) August 22− 25, 2007,
ii)September 12 − 14, 2008 and iii) July 23 − 25, 2010. Based on the previous analysis,
these storms produce the maximum runoff volume and peak flow discharge. As depicted
in the ISWS gauges hyetographs from Figure 4.9, the time distribution of each event is
different. For example, the July 23− 25, 2010 storm had the higher peak flow, while in the
September 12 − 14, 2008 storm had the highest volume but also the smallest peaks among
the three. Moreover, slightly spatial rainfall distribution is denoted. For instance, gauge
No 6 which influences the major portion of the LAUSS service area, recorded the highest
peak flows for all the storms except for the September 12 − 14, 2008 storm. As presented
in Figure 4.9, stronger influence from gauge No 6 exists in the input hydrographs to each
drop shaft and in the resulting output hydrograph at the outlet. Additionally, the shape
of the hydrographs and the corresponding peak flow time for each storm is observed to be
similar for the different drop shafts of the system. Hence, the hydraulic routing process is
fast and the lag time between the peak of the inflows and outflow hydrographs is less than 2
hours. Furthermore, the outflow hydrograph at the end of tunnel highlights the attenuation
effect induced by the dynamic wave routing model utilized to route the drop shaft inflow
hydrographs to the outflow.
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Figure 4.9: Results for the August 22− 25,2007; September 12− 14,2008 and July 23− 25,
2010 Storms Simulations
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4.7 Gate Opening Analysis
In the previous analysis, different gate opening conditions were evaluated assuming a low
constant downstream water level. From this analysis, it was determined that if the gates
needed to be set at a fix position the opening should not be less than 33%. This opening
conveyed the maximum volume of combine sewer generated by different historical and design
storms and prevented surcharge conditions in the system. As a consequence, overflows,
geyser events and high pressures that could break the gates, are averted. Moreover, the
real time regulation of the gate showed to be beneficial for the system’s operation. Beyond
allowing for the maximum storage of combined sewer in the tunnels without surcharge,
it also permits control of the volume of water leaving the system based on downstream
conditions. Furthermore, the results suggested that for incoming flows in the range from
600cfs− 1000cfs the optimal opening is 20%. Following the same analysis, a gate opening
of 10% could be used when the incoming flow is less than 600cfs. A representation of these
results is depicted in Figure 4.4.
Based on the results outlined in Figure 4.4, we can infer the following: i) The shape of
the inflow hydrograph is preserved for the outflow hydrograph. However, attenuation of
the peaks from regulation of the gate opening is observed. The higher attenuations were
observed for the case of real time control of the gate. ii) A lag time resulted from the partial
closure of the gate between the inflow and outflow hydrographs; smaller opening of the gate
increased the lag time. iii) A relation exists between the magnitude of the peak flow and its
attenuation that results from the partial opening of the gate. For instance, the 23− 25 July,
2010 and the 22 − 25 August 2008, storms have the higher peak flows among the storms
under consideration but also the smaller attenuations. While the rest of storms, indicated
to have more attenuation at the outflow. Hence, for these cases not only more volume of
water is being stored upstream of the gate, but also the conveyance is regulated by the gate
opening which accounts for the existing lag in the outflow hydrograph. Furthermore, higher
attenuation for high peak flows is difficult to achieve, under surcharge conditions which
restricts the volume of water that can be stored upstream of the gate.
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Figure 4.10: Output Hydrographs for the Different Gate Regulation Scenarios for the
Historical and Design Storms. The real time control of the sluice-gate operation is showed
in red
.
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CHAPTER 5
CONCLUSIONS AND FUTURE RESEARCH
In this study, hydrologic and hydraulic response of the Lawrence Avenue Underflow Sewer
System to several storm events is assessed using different numerical models. This work
reports results from simulations with the combination of a probabilistic hydrologic model
”IUHM” with the deterministic hydraulic models ”SWMM 5.0” and the TARP Connecting
Structures Model. These simulations could be considered as a primary look to Lawrence
Avenue Underflow Sewer System in attempt to understand the changes in flow discharges
and flow profiles throughout pipe network system in other to asses which portions of the
system are prone to experiencing surcharge and backwater effects under extreme events.
The full service area of nearly 6794acres was divided into 24 subcathments. A detailed
IUHM model of each subcatchment was developed to estimate the inflow to the deep tunnel
system for a corresponding set of input rainfall events. Even though, all the sewer pipes were
considered in the model, the fact that limited invert elevation information was available for
most of the system, it was determined that the pipe slope was the parameter that introduced
the largest uncertainty into this model. On one hand, given the uncertain input data of the
system, the probabilistic based model ”IUHM” proved to be useful to model the hydrology
and hydraulics of the combined sewer system within the LAUSS service area. However, on
the other hand the attempt of simulating the as build system with all the existing pipes
using the Illinois Urban Hydrologic Model ”IUHM” carried challenges in terms of preparing
the ArcGIS database required to run the model. Especially because the current version of
IUHM is not able to handle loops in the pipe network geometry. Thus, breaking the existent
loops was the most time consuming task of the model development.
Moreover, other factors introduced uncertainty into the model. For instance, the hy-
draulics of the drop shafts was not considered in the SWMM 5.0 model developed for the
deep tunnel system. Additionally, an integral part to the modeling of sewer networks is
accurate monitoring data of the system; unfortunately, the study site presented here lacks
monitoring data. Calibration data for the hydraulic models developed in SWMM 5.0 and
the real time control gate model is essential for reliable results, the lack of such is thus a
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limitation in this study.
As future work, new simulations of water years will be carried out to further understand
the hydrologic and hydraulic behaviour of the Lawrence Avenue underflow sewer system
under long term rainfall conditions with various storms spread throughout the simulation.
Moreover, given the availability of field measurements for any point or points within the
system; new simulations will be accomplish in order to validate the results. Furthermore,
a deeper analysis of the sluice gates operation under more realistic downstream conditions
could be performed, to better asses the optimal opening for different upstream flow conditions
and downstream water levels. Lastly, a transient model to analyse the potential impact of
surges on the system for the historical storm events could be developed using the Illinois
Transient Model.
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APPENDIX A
HYDROLOGIC MODEL INPUTS
A.1 IUHM Parameters Determination
Table A.1: Subcatchment Summary Data
Subcatchment Area [ac] # Pipes % known D % known S
Berteau 1067.241 1378 98.852 4.304
Drake-1 208.996 258 94.505 0.000
Drake-1a 828.363 1348 92.837 6.612
Drake-1b 389.420 654 93.030 11.095
Drake-1c 19.080 29 96.667 13.333
Drake-1d 9.769 15 88.235 52.941
Drake-1e 1970.400 223 7.247 98.375
Drake-1f 433.423 32 6.166 99.229
Drake-1g 1.242 1 33.333 100.000
Drake-1h 395.363 37 6.491 98.246
Drake-2 143.438 9 4.865 98.919
Harding 95.565 4 2.469 99.383
Kilbourn 92.499 4 3.604 99.099
Kildare 95.532 23 13.690 99.405
Laramie 103.418 1 0.855 100.000
Long-1 142.073 44 16.296 99.630
Long-2 186.211 55 16.566 98.795
Melvina-1 360.071 0 0.000 100.000
Melvina-2 206.700 59 22.957 100.000
Melvina-3 229.042 57 13.225 97.216
Continued on Next Page. . .
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Table A.1 – Continued
Subcatchment Area [ac] # Pipes % known D % known S
Melvina-4 22.013 5 11.364 100.000
Menard-1 21.745 6 11.538 78.846
Menard-2 540.731 24 4.096 99.659
Montrose 182.539 0 0.000 98.431
Table A.2: IUHM Input Data for all the Subcatchments
Order Ni POAi ai S¯ci σS¯ci
D¯i σD¯i
[ft] [ft2]
Berteau
1 868 0.589 3.016 0.0076 0.0117 1.144 0.912
2 363 0.269 1.853 0.0047 0.0060 1.777 1.688
3 74 0.050 0.439 0.0022 0.0021 3.591 2.432
4 79 0.087 1.601 0.0011 0.0006 4.307 1.147
5 10 0.005 0.063 0.0003 0.0000 9.500 0.000
Drake-1
1 184 0.682 2.457 0.0068 0.0026 0.931 0.591
2 68 0.249 1.239 0.0055 0.0018 1.327 0.882
3 13 0.036 0.277 0.0025 0.0022 3.654 1.950
4 8 0.033 0.196 0.0007 0.0000 5.500 0.000
Drake-1a
1 430 0.587 2.815 0.0066 0.0040 0.905 0.468
2 181 0.258 1.985 0.0049 0.0024 1.404 0.792
3 41 0.080 0.634 0.0037 0.0015 1.728 0.580
4 23 0.051 2.321 0.0007 0.0018 4.731 0.779
5 28 0.024 0.267 0.0004 0.0002 7.916 2.209
Drake-1b
1 430 0.629 2.895 0.0068 0.0074 0.960 0.513
2 181 0.256 1.760 0.0048 0.0021 1.225 0.578
3 41 0.050 0.288 0.0034 0.0020 2.049 1.581
4 23 0.036 0.281 0.0010 0.0008 6.000 2.773
Continued on Next Page. . .
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Table A.2 – Continued
i Ni POAi ai S¯ci σS¯ci
D¯i σD¯i
5 28 0.028 0.944 0.0004 0.0000 8.750 0.250
Drake-1c
1 19 0.681 3.053 0.0068 0.0041 0.895 0.224
2 11 0.319 2.947 0.0048 0.0010 1.295 0.179
Drake-1d
1 9 0.485 1.667 0.0031 0.0031 0.778 0.416
2 4 0.289 0.778 0.0050 0.0017 1.125 0.125
3 4 0.226 1.111 0.0028 0.0000 1.500 0.000
Drake-1e
1 1869 0.598 2.794 0.0097 0.0934 1.014 0.407
2 772 0.266 0.000 0.0049 0.0037 1.475 0.741
3 256 0.080 0.844 0.0021 0.0020 2.799 1.596
4 119 0.036 0.951 0.0009 0.0004 5.017 1.346
5 48 0.017 0.322 0.0004 0.0000 8.077 0.115
6 13 0.003 0.049 0.0004 0.0000 8.077 0.115
Drake-1f
1 322 0.632 3.637 0.0064 0.0030 1.093 0.399
2 127 0.246 0.000 0.0057 0.0093 1.416 0.413
3 37 0.055 0.559 0.0021 0.0012 2.824 1.035
4 33 0.067 0.000 0.0012 0.0015 4.212 0.247
Drake-1g
1 3 1.000 2.000 0.0069 0.0003 1.000 0.000
Drake-1h
1 386 0.694 2.977 0.0069 0.0087 1.031 0.407
2 120 0.196 0.000 0.0041 0.0019 1.630 0.694
3 63 0.108 2.653 0.0012 0.0008 4.159 1.151
4 1 0.002 0.003 0.0009 0.0000 4.500 0.000
Drake-2
1 117 0.642 3.068 0.0071 0.0059 1.015 0.280
2 43 0.230 0.000 0.0049 0.0015 1.517 0.788
3 15 0.085 0.564 0.0029 0.0017 2.650 1.513
Continued on Next Page. . .
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Table A.2 – Continued
i Ni POAi ai S¯ci σS¯ci
D¯i σD¯i
4 10 0.043 0.470 0.0010 0.0004 4.500 0.000
Harding
1 108 0.694 4.056 0.0065 0.0019 1.019 0.203
2 38 0.204 0.000 0.0055 0.0022 1.421 0.902
3 10 0.067 0.287 0.0024 0.0011 2.600 1.143
4 6 0.036 0.194 0.0010 0.0001 4.167 0.236
Kilbourn
1 63 0.836 3.778 0.0069 0.0039 1.030 0.233
2 39 0.084 0.000 0.0050 0.0019 1.455 0.741
3 9 0.081 0.714 0.0011 0.0000 3.750 0.000
Kildare
1 155 0.528 2.523 0.0084 0.0054 0.959 0.170
2 70 0.401 0.000 0.0067 0.0081 1.312 0.467
3 32 0.071 1.058 0.0015 0.0006 3.346 0.782
Laramie
1 59 0.511 2.373 0.0065 0.0012 1.030 0.148
2 39 0.301 0.000 0.0040 0.0017 1.660 0.579
3 12 0.096 0.983 0.0019 0.0002 2.583 0.186
4 7 0.092 0.475 0.0012 0.0000 3.500 0.000
Long-1
1 155 0.568 2.523 0.0073 0.0040 0.974 0.201
2 70 0.248 0.000 0.0051 0.0019 1.239 0.241
3 32 0.138 1.271 0.0030 0.0022 2.023 0.492
4 13 0.046 0.587 0.0015 0.0000 3.000 0.000
Long-2
1 198 0.582 2.455 0.0080 0.0109 0.967 0.192
2 97 0.312 0.000 0.0050 0.0018 1.255 0.366
3 30 0.087 0.975 0.0022 0.0009 2.417 0.564
4 7 0.019 0.141 0.0012 0.0002 3.714 0.525
Melvina-1
1 110 0.784 2.373 0.0065 0.0005 1.018 0.120
Continued on Next Page. . .
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Table A.2 – Continued
i Ni POAi ai S¯ci σS¯ci
D¯i σD¯i
2 37 0.119 0.000 0.0030 0.0003 1.831 0.165
3 22 0.077 1.427 0.0015 0.0000 3.000 0.000
4 9 0.020 0.409 0.0009 0.0000 4.500 0.000
Melvina-2
1 186 0.740 2.720 0.0177 0.1218 1.141 0.243
2 52 0.215 0.000 0.0072 0.0225 2.146 0.847
3 19 0.045 1.022 0.0010 0.0002 4.263 0.522
Melvina-3
1 281 0.670 2.641 0.0068 0.0025 0.971 0.574
2 95 0.210 0.000 0.0046 0.0026 1.644 1.180
3 43 0.106 1.256 0.0047 0.0021 1.547 0.667
4 12 0.015 0.278 0.0022 0.0036 6.042 1.713
Melvina-4
1 34 0.787 2.912 0.0059 0.0022 1.172 0.378
2 10 0.213 0.000 0.0030 0.0011 1.900 0.339
Menard-1
1 31 0.817 2.129 0.0058 0.0037 0.793 0.452
2 6 0.074 0.000 0.0011 0.0016 0.583 0.837
3 15 0.109 3.871 0.0019 0.0004 2.667 0.350
Menard-2
1 394 0.696 3.081 0.0080 0.0158 1.178 0.507
2 131 0.227 0.000 0.0039 0.0022 1.763 0.898
3 39 0.053 0.556 0.0016 0.0012 3.731 1.357
4 15 0.019 0.162 0.0006 0.0002 6.033 1.056
5 7 0.005 0.071 0.0004 0.0000 8.500 0.000
Montrose
1 135 0.499 2.830 0.0066 0.0015 1.012 0.380
2 86 0.359 0.000 0.0050 0.0013 1.285 0.665
3 16 0.070 0.896 0.0042 0.0018 1.703 0.949
4 18 0.072 1.267 0.0036 0.0026 2.847 1.928
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Table A.3: IUHM Input Data for all the Subcatchments
Order L¯ci σL¯ci
Ninlet σNinlet
¯impi σ ¯impi S¯oi σS¯oi
i [ft] [ft2]
Berteau
1 113.100 49.304 1.273 1.155 46.021 12.126 0.210 0.361
2 134.474 68.423 1.366 1.258 47.286 13.092 0.239 0.431
3 180.003 104.438 1.311 1.314 47.413 14.128 0.420 0.529
4 234.954 127.260 2.025 1.676 50.768 14.416 0.338 0.513
5 283.403 119.433 0.500 0.806 46.667 11.055 0.553 0.666
Drake-1
1 109.477 54.184 1.152 1.088 44.606 7.937 0.365 0.778
2 135.757 79.461 1.265 1.232 44.597 7.775 0.310 0.479
3 221.883 103.032 1.692 1.435 50.833 17.058 0.095 0.044
4 292.224 105.308 4.375 2.058 43.571 6.814 0.419 0.512
Drake-1a
1 113.671 51.604 1.216 1.095 45.957 12.595 0.418 0.680
2 122.748 50.560 1.152 1.159 47.331 13.413 0.473 0.697
3 125.217 63.755 1.360 1.109 45.580 11.304 0.390 0.658
4 146.920 85.851 1.132 1.121 46.356 11.878 0.408 0.681
5 231.654 118.796 1.000 0.873 46.566 11.951 0.558 1.222
Drake-1b
1 118.590 48.446 1.163 1.109 43.012 9.834 0.138 0.127
2 124.147 59.788 1.083 1.184 41.725 8.391 0.118 0.078
3 141.969 70.880 0.927 1.295 41.571 7.817 0.126 0.071
4 193.582 130.460 1.478 1.175 45.219 8.575 0.170 0.232
5 169.385 112.530 0.893 0.976 45.000 10.897 0.168 0.189
Drake-1c
1 103.884 52.874 0.895 0.788 40.000 0.000 0.194 0.115
2 148.279 47.167 0.455 0.656 35.682 5.750 0.156 0.095
Drake-1d
1 103.823 51.698 0.556 0.685 27.813 9.138 0.356 0.226
2 133.811 16.125 0.000 0.000 13.333 5.773 0.299 0.074
Continued on Next Page. . .
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Table A.3 – Continued
i L¯ci σL¯ci
Ninlet σNinlet
¯impi σ ¯impi S¯oi σS¯oi
3 140.409 14.287 0.000 0.000 31.250 12.437 0.260 0.034
Drake-1e
1 126.842 52.871 1.093 1.153 43.772 11.705 0.265 0.447
2 129.107 56.561 1.124 1.210 42.916 10.249 0.270 0.466
3 158.795 77.844 1.285 1.241 42.163 11.557 0.240 0.340
4 211.993 109.035 1.286 1.284 43.071 9.169 0.627 1.019
5 278.012 110.479 1.231 1.761 44.000 8.000 0.151 0.110
6 278.012 110.479 1.231 1.761 44.000 8.000 0.151 0.110
Drake-1f
1 129.809 60.805 1.102 1.218 46.448 8.774 0.201 0.219
2 137.330 52.812 1.362 1.390 46.042 8.593 0.175 0.120
3 158.883 64.416 1.243 1.101 45.676 8.390 0.179 0.108
4 151.448 82.403 1.424 1.326 46.250 8.839 0.160 0.082
Drake-1g
1 89.200 34.176 0.667 0.943 35.833 5.893 2.371 0.609
Drake-1h
1 130.106 50.578 1.262 1.339 45.702 8.840 0.195 0.094
2 140.995 61.493 1.250 1.253 45.262 8.551 0.206 0.127
3 178.985 102.587 1.429 1.466 47.333 9.463 0.189 0.081
4 48.784 0.000 0.000 0.000 40.000 0.000 0.153 0.000
Drake-2
1 126.594 40.050 1.880 1.214 40.115 0.856 0.063 0.030
2 143.850 75.446 1.558 1.514 40.000 0.000 0.065 0.030
3 132.068 47.593 1.800 1.046 40.000 0.000 0.056 0.030
4 165.120 45.301 1.800 1.166 40.000 0.000 0.078 0.043
Harding
1 119.561 33.693 1.509 1.126 41.111 4.470 0.082 0.046
2 116.793 43.382 1.395 0.988 40.000 0.000 0.070 0.025
3 134.925 47.194 1.100 1.044 40.000 0.000 0.112 0.062
4 168.048 36.873 2.000 1.528 40.000 0.000 0.107 0.024
Kilbourn
Continued on Next Page. . .
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Table A.3 – Continued
i L¯ci σL¯ci
Ninlet σNinlet
¯impi σ ¯impi S¯oi σS¯oi
1 111.802 40.449 1.254 0.959 54.351 10.063 0.368 0.426
2 127.448 57.611 1.538 1.356 63.788 8.437 0.642 0.532
3 154.800 57.484 1.444 0.685 60.833 2.205 0.365 0.229
Kildare
1 111.415 38.904 1.733 1.708 46.906 8.856 0.118 0.065
2 120.187 45.698 2.232 2.001 47.270 9.241 0.119 0.054
3 165.255 79.090 2.385 1.443 52.564 9.442 0.112 0.042
Laramie
1 121.562 41.974 1.271 1.162 56.161 13.071 0.930 1.169
2 124.630 35.952 1.231 1.208 56.618 12.107 0.767 0.895
3 114.728 25.011 0.917 1.037 58.444 12.515 1.189 0.909
4 122.900 37.905 1.429 1.400 65.259 5.965 1.552 1.276
Long-1
1 114.147 37.376 1.071 0.978 41.489 4.997 0.155 0.134
2 121.913 43.728 1.386 1.222 43.172 7.095 0.214 0.147
3 124.105 53.539 1.344 1.240 42.485 6.008 0.205 0.122
4 103.146 33.633 2.000 1.177 46.667 9.428 0.189 0.065
Long-2
1 121.025 47.853 1.237 1.025 40.111 1.061 0.074 0.045
2 117.584 50.257 1.320 1.099 40.111 1.048 0.065 0.042
3 143.476 58.161 1.233 1.023 40.000 0.000 0.069 0.045
4 193.062 68.659 1.714 1.278 40.000 0.000 0.047 0.028
Melvina-1
1 256.446 238.079 1.000 0.135 43.444 7.255 0.241 0.180
2 209.151 97.566 1.000 0.000 40.185 1.096 0.150 0.089
3 238.372 109.919 1.000 0.000 42.532 5.998 0.234 0.095
4 218.166 148.740 1.000 0.000 40.000 0.000 0.357 0.429
Melvina-2
1 121.457 64.978 0.882 0.937 40.420 4.695 0.205 0.281
2 183.929 87.548 1.231 1.489 40.492 1.913 0.139 0.112
3 151.363 32.821 0.579 0.878 40.000 0.000 0.281 0.411
Continued on Next Page. . .
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Table A.3 – Continued
i L¯ci σL¯ci
Ninlet σNinlet
¯impi σ ¯impi S¯oi σS¯oi
Melvina-3
1 127.876 65.723 0.897 0.951 40.327 3.670 0.228 0.278
2 146.435 93.593 1.232 1.333 40.241 2.182 0.191 0.255
3 182.236 66.584 1.465 1.872 41.167 4.444 0.376 0.308
4 186.159 125.958 1.667 1.491 40.000 0.000 0.205 0.204
Melvina-4
1 129.077 46.449 1.118 0.963 40.000 0.000 0.070 0.048
2 138.262 46.716 1.200 1.249 40.000 0.000 0.091 0.036
Menard-1
1 99.091 55.160 0.839 0.919 36.667 11.055 0.107 0.057
2 81.671 81.848 0.667 0.943 40.000 0.000 0.133 0.082
3 108.557 96.442 0.333 0.699 22.857 19.795 0.056 0.056
Menard-2
1 133.259 64.727 1.261 1.118 43.400 7.125 0.117 0.147
2 140.135 73.361 1.290 1.287 44.177 7.698 0.132 0.177
3 206.697 120.008 1.179 1.217 41.071 3.735 0.107 0.128
4 285.248 101.741 1.000 0.966 40.000 0.000 0.054 0.028
5 191.613 114.762 1.286 0.881 40.000 0.000 0.060 0.045
Montrose
1 106.380 44.457 2.726 3.374 48.062 9.357 0.075 0.031
2 131.706 90.168 3.291 4.779 48.472 9.422 0.070 0.025
3 122.937 65.609 9.813 9.976 42.188 5.855 0.079 0.042
4 172.886 100.222 2.944 3.519 50.627 9.346 0.066 0.028
Table A.4: Transition Probabilities, Pxcixcj for all the Subcatchments
i j
1 2 3 4 5 6 Outlet
Berteau
1 - 0.773 0.094 0.083 0.051 - -
2 - - 0.617 0.383 0.000 - -
Continued on Next Page. . .
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Table A.4 – Continued
i j
3 - - - 1.000 0.000 - -
4 - - - - 1.000 - -
5 - - - - - - 1.000
Drake-1
1 - 0.746 0.127 0.127 - - -
2 - - 0.571 0.429 - - -
3 - - - 1.000 - - -
4 - - - - - - 1.000
Drake-1a
1 - 0.777 0.113 0.078 0.032 0.000 -
2 - - 0.662 0.282 0.056 - -
3 - - - 0.947 0.010 - -
4 - - - - 1.000 - -
5 - - - - - - 1.000
Drake-1b
1 - 0.745 0.090 0.069 0.097 - -
2 - - 0.714 0.057 0.229 - -
3 - - - 0.889 0.030 - -
4 - - - - 1.000 - -
5 - - - - - - 1.000
Drake-1c
1 - 1.000 - - - - -
2 - - - - - - 1.000
Drake-1d
1 - 1.000 0.000 0.000 0.000 - -
2 - - 1.000 0.000 0.000 - -
3 - - - 0.000 0.000 - 1.000
Drake-1e
1 - 0.780 0.148 0.052 0.015 0.005 -
2 - - 0.738 0.184 0.035 0.043 -
3 - - - 0.818 0.121 0.061 0.000
Continued on Next Page. . .
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Table A.4 – Continued
i j
4 - - - - 0.857 0.143 -
5 - - - - - 1.000 -
6 0 - - - - - 1.000
Drake-1f
1 - 0.765 0.118 0.118 0.000 0.000 -
2 - - 0.700 0.300 0.000 0.000 -
3 - - - 1.000 0.000 0.000 -
4 - - - - - - 1.000
Drake-1g
1 - - - - - - 1.000
Drake-1h
1 - 0.759 0.241 0.000 0.000 0.000 -
2 - - 1.000 0.000 0.000 0.000 -
3 - - - 1.000 - - -
4 - - - - - - 1.000
Drake-2
1 - 0.686 0.171 0.143 0.000 0.000 -
2 - - 0.500 0.500 0.000 0.000 -
3 - - - 1.000 - - -
4 - - - - - - 1.000
Harding
1 - 0.821 0.107 0.071 0.000 0.000 -
2 - - 0.571 0.429 0.000 0.000 -
3 - - - 1.000 - - -
4 - - - - - - 1.000
Kilbourn
1 - 0.833 0.167 0.000 0.000 0.000 -
2 - - 1.000 0.000 0.000 0.000 -
3 - - - 0.000 - - 1.000
Kildare
1 - 0.968 0.032 0.000 0.000 0.000 -
Continued on Next Page. . .
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Table A.4 – Continued
i j
2 - - 1.000 0.000 0.000 0.000 -
3 - - - 0.000 - - 1.000
Laramie
1 - 0.900 0.100 0.000 0.000 0.000 -
2 - - 0.667 0.333 0.000 0.000 -
3 - - - 1.000 - - -
4 - - - - - - 1.000
Long-1
1 - 0.885 0.115 0.000 0.000 0.000 -
2 - - 0.786 0.214 0.000 0.000 -
3 - - - 1.000 - - -
4 - - - - - - 1.000
Long-2
1 - 0.866 0.134 0.000 0.000 0.000 -
2 - - 0.938 0.063 0.000 0.000 -
3 - - - 1.000 0.000 0.000 -
4 - - - - - - 1.000
Melvina-1
1 - 0.000 0.000 0.000 0.000 0.000 0.000
2 - 0.667 0.262 0.071 0.000 0.000 -
3 - - 0.750 0.250 0.000 0.000 -
4 - - - 1.000 0.000 0.000 -
5 - - - - - - 1.000
Melvina-2
1 - 0.850 0.150 0.000 0.000 0.000 -
2 - - 1.000 0.000 0.000 0.000 -
3 - - - 0.000 0.000 0.000 1.000
Melvina-3
1 - 0.784 0.164 0.052 0.000 0.000 -
2 - - 0.550 0.450 0.000 0.000 -
3 - - - 1.000 0.000 0.000 -
Continued on Next Page. . .
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Table A.4 – Continued
i j
4 - - - - - - 1.000
Melvina-4
1 - 1.000 0.000 0.000 0.000 0.000 -
2 - - 0.000 0.000 0.000 0.000 1.000
Menard-1
1 - 0.643 0.357 0.000 0.000 0.000 -
2 - - 1.000 0.000 0.000 0.000 -
3 - - - 0.000 0.000 0.000 1.000
Menard-2
1 - 0.721 0.115 0.082 0.082 0.000 -
2 - - 0.885 0.115 0.000 0.000 -
3 - - - 1.000 0.000 0.000 -
4 - - - - - - -
5 - - - - - - 1.000
Montrose
1 - 0.830 0.094 0.075 0.000 0.000 -
2 - - 0.357 0.643 0.000 0.000 -
3 - - - 1.000 0.000 0.000 -
4 - - - - - - 1.000
A.1.1 Determination of the Mean Diameter and Slope of Catchments with
Limited or Missing Input Data.
Based on [29], the mean diameter ratio calculated for the Calumet TARP service areas is:
R = 1.6.
For the subcatchment Melvina-1 only the diameter of a fourth order pipe was known.
Thus, the following formula was applied to find the mean diameter of the lower order pipes.
D¯i =
D¯i+1
R
If we assume the pipe full flow velocity to be the minimum 3 ft/s and assume that Man-
nings n is equal to 0.016, (which is the assumption made for all pipes in the IUHM model).
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Then we can derive an explicit relation between the slope and the diameter. Thus, the mean
diameters were used to calculate the mean slopes by using the following relation:
S = 0.6625D−4/3
The results for Melvina-1 are summarized in the following table.
Table A.5: Mean Diameter and Mean Slope Determined for Melvina-1
i 1 2 3 4
Mean Diameter [ft]
From Data - - - 4.5
Calculated 1.099 1.758 3.000 -
Mean Slope
Calculated 0.584 0.312 0.153 0.089
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A.2 Historical Storms Information
Figure A.1: Historical Storms Rainfall Hyetographs
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A.3 ARI Storm Information
From the National Oceanic Atmospheric Administration (NOAA) Atlas 14, the following
ARI storm information for the Chicago Mayfair Pumping Station which is located within
the LAUSS service area was obtained:
Table A.6: ARI Storm Information
CHICAGO MAYFAIR PUMP S
years 12h 24h
Depth [in]
2 2.46 2.85
10 3.73 4.33
Intensity [in/h]
2 0.206 0.12
10 0.313 0.182
Based on the ARI storm information, the following design rainfall hyetographs were cre-
ated:
Figure A.2: Design Storms Rainfall Hyetographs
The outputs of the IUHM model are summarized in appendix B, since these outputs
correspond to the inputs for the hydraulic models.
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APPENDIX B
HYDRAULIC MODEL INPUTS AND OUTPUTS
B.1 Dry Weather Flow Inputs
Table B.1: Dry Weather Flow Time Patterns
Time Patterns
Jan-Jun Jul-Dec Week 01-06AM 07AM-12PM 01-06PM 01PM-12AM
0.92 1.1 0.93 0.72 1.04 1.16 1.1
0.94 1.09 1 0.71 1.12 1.16 1.07
1.03 1.01 1.03 0.7 1.14 1.16 1.03
1.04 0.93 1.05 0.7 1.14 1.14 0.98
1.04 0.92 1.03 0.71 1.15 1.14 0.9
1.08 0.9 1 0.88 1.17 1.12 0.86
0.96
Based on the Census 2010 and the sanitary composition number, the following information
was obtained for each subcatchment.
Table B.2: Dry Weather Flow Inputs for the Subcatchments
Dry Weather Flow Inputs
Subcatchment Area [ac] Population San-Load [cfs]
Berteau 1067 19868 7.808124
Drake-1 209 3892 1.531113
Drake-1a 830 15455 6.073815
Drake-1b 390 7262 2.853966
Continued on Next Page. . .
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Table B.2 – Continued
Dry Weather Flow Inputs
Drake-1c 20 372 0.146196
Drake-1d 9 168 0.066024
Drake-1e 1970 36683 14.416419
Drake-1f 434 8081 3.175833
Drake-1g 2 37 0.014541
Drake-1h 396 7374 2.897982
Drake-2 144 2681 1.053633
Harding 95 1769 0.695217
Kilbourn 93 1732 0.680676
Kildare 96 1788 0.702684
Laramie 104 1937 0.761241
Long-1 143 2663 1.046559
Long-2 187 3482 1.368426
Melvina-1 360 5924 2.328132
Melvina-2 207 3855 1.515015
Melvina-3 229 4264 1.675752
Melvina-4 22 410 0.16113
Menard-1 22 410 0.161294
Menard-2 541 10074 3.959082
Montrose 183 3408 1.339344
There are five side weirs located within the interceptor and the high level tunnels systems.
The following equation was used to calculate the corresponding weir discharge coefficient for
each weir [7].
Cd = 3.22 + 0.4
H
P
Where,
Cd = Discharge Coefficient H = Water Surface Level (Height of Water above Crest of
Weir) P = Weir Height (Height from Invert to Crest of Weir)
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Table B.3: Interceptor and high level tunnels system’s side weir characteristics
Side Weirs Characteristics
Weir Height [ft] Width [ft] Invert Offset [ft] Discharge Coef
Interceptor -W1 7.4 7.88 2.6 4.358461538
Interceptor-W2 6 8.5 3 4.02
Drake-W1 2.5 5.5 3 3.553333333
Melvina -W1 1.1 5 0.5 4.1
Menard-W1 1.25 7 0.6 4.053333333
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B.2 Interceptor and Drake Tunnel Model, Input and Output
Hydrographs
Figure B.1: Interceptor and Drake Tunnel Model, Input and Output Hydrographs for the
Historical Storms
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Figure B.2: Interceptor and Drake Tunnel Model, Input and Output Hydrographs for the
Design Storms
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B.3 High Level Tunnel Model, Input and Output Hydrographs
Figure B.3: High Level Tunnels Model, Input and Output Hydrographs for the Historical
Storms
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Figure B.4: High Level Tunnels Model, Input and Output Hydrographs for the Design
Storms
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B.4 Lawrence Avenue Deep Tunnel Model, Input and Output
Hydrographs
Figure B.5: Lawrence Avenue Deep Tunnel Model, Input and Output Hydrographs for the
Historical Storms
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Figure B.6: Lawrence Avenue Deep Tunnel Model, Input and Output Hydrographs for the
Design Storms
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B.5 Lawrence Avenue Deep Tunnel Model, SWMM 5.0 Geometric
Scenarios Comparison
Three different SWMM geometric scenarios were created for the deep tunnel and its drop
shafts. These scenarios are depicted in the following figure.
Figure B.7: Lawrence Avenue Deep Tunnel Model, SWMM Geometric Scenarios
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B.5.1 Scenario Comparison
Figure B.8: Output Hydrograph Comparison among Scenarios for the July 23-25, 2010
Storm
As it can be observed, the peak of the output hydrograph for the first scenario is the
highest. There is not much difference between the other two scenarios.
The water level in the drop shafts was much higher for the first scenario during peak flow
conditions. One reason for this is the fact that the geometry of the drop shaft was not taken
into account in this scenario. On the contrary the water level for the third scenario, was the
lowest, since these drop shafts are represented as storage units in the SWMM model.
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Figure B.9: Profile View of the Tunnel System Under Peak Flow Conditions for the July
23-25, 2010 Storm
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B.6 Infoworks CS Model for the Lawrence Avenue Deep Tunnel
The Infoworks results for the July 23-25, 2010 storm, are shown below.
Figure B.10: Lawrence Avenue Deep Tunnel Infoworks Model, Output Hydrographs for the
July 23-25, 2010 storm
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APPENDIX C
SLUICE GATE MODEL
Figure C.1: Flow Though a Sluice Gate
Assumptions:
• Small slopes
sin θ ' tan θ ' S
• Hydrostatic pressure distribution on the gate
• Short length
L→ 0
• Rectangular channel
Equations:
1. Momentum Equation:
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∑
F = m.a (C.1)
P1 − P2 − F1 + F2 − FR + w1 sin θ + w2 sin θ = ρQ(v2 − v1) (C.2)
1
2
y1ρgy1b− 1
2
y2ρgy2b− 1
2
(y1 − zo) ρg (y1 − zo) b+ 1
2
(y2 − zo) ρg (y2 − zo) b = ρQ
2
A2
−ρQ
2
A1
(C.3)
Rearranging equation (C.3):
1
2
ρg
(
2y1zo − zo2 + zo2 − 2y2zo
)
b = ρQ2
(
1
A2
− 1
A1
)
(C.4)
Simplifying equation (C.4):
gzo (y1 − y2) b = Q2
(
1
A2
− 1
A1
)
(C.5)
2. Energy Equation:
H1 = H2 + ∆H (C.6)
z1 + y1 +
v1
2
2g
+
P1
γ
= z2 + y2 +
v2
2
2g
+
P2
γ
+ Co
v2
2
2g
(C.7)
Rearranging equation (C.7):
z1 + L sin θ + y1 +
Q2
2gA1
2 = z2 + y2 + (1 + Co)
Q2
2gA2
2 (C.8)
Simplifying equation (C.8):
2g (y1 − y2) = Q2
(
1 + Co
A2
2 −
1
A1
2
)
(C.9)
3. Continuity Equation:
Q1 = Q2 (C.10)
v1A1 = v2A2 (C.11)
Assuming that A1 is very large compare with A2, momentum and energy equations (C.5)
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and (C.9), can be rewritten as:
Q2 = gzo (y1 − y2) bA2 = gzob2y2 (y1 − y2) (C.12)
Q2 = 2g (y1 − y2) A2
2
1 + Co
= 2gb2 (y1 − y2) y2
2
1 + Co
(C.13)
By replacing equation (C.12) in equation (C.13):
gzob
2y2 (y1 − y2) = 2gb2 (y1 − y2) y2
2
1 + Co
(C.14)
gb2 (y1 − y2)
(
zoy2 − 2 y2
2
1 + Co
)
= 0 (C.15)
gb2 (y1 − y2) y2
(
zo − 2 y2
1 + Co
)
= 0 (C.16)
Solutions for equation (C.16)
y2 = 0 (C.17)
y2 = y1 (C.18)
y2 =
zo
2
(1 + Co) (C.19)
Replacing equation(C.19) in equations (C.5) and (C.9) we have equations (C.20) and (C.21)
Q2 = 2gb2
(
y1 − zo
2
(1 + Co)
) ( zo
2
(1 + Co)
)2
1 + Co
(C.20)
Q2 = gb2
zo
2
2
(1 + Co)
(
y1 − zo
2
(1 + Co)
)
(C.21)
When y1 >> zo:
Co = 1 (C.22)
From uniform flow:
Qn
2 = gb1
2y1
3 (C.23)
Replacing equation (C.22) in (C.21), we will have the following equation for the gate:
Q2gate = gb2
2zo
2y1
y1
2
y12
b1
2
b1
2 = gb1
2y1
3 b2
2zo
2
b1
2y12
(C.24)
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Rearranging equation (C.24):
Q2gate = Qn
2Ao
2
A1
2 (C.25)
Qgate = Qn
Ao
A1
(C.26)
Case1)Flow Under Sluice Gate when yDS < y
∗
2
Figure C.2: Flow Though a Sluice Gate, Free Flow Condition
From Energy and Continuity Equations (C.7) and (C.10):
y1 +
Q2
2gA1
2 = y2 +
Q2
2gA2
2 (C.27)
Rearranging equation (C.27)
Q2
2gA1
2 −
Q2
2gA2
2 = y2 − y1 (C.28)
Solving Equation (C.28) for Q2:
Q2 = (y2 − y1) 2gA1A2
A2
2 − A12
= (y2 − y1) 2gy1
2y2
2b2
b2 (y22 − y12) (C.29)
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Simplifying equation (C.29)
Q2 =
2gy1y2
2b2
y1
(
y2
y1
+ 1
) (C.30)
Assuming that y2 = Ccyo, equation (C.30) turns into:
Q2 =
2gy1yo
2Cc
2b2(
yoCc
y1
+ 1
) (C.31)
Solving for Q:
Q =
 Cc√
1 + Cc
yo
y1
 yob√2gy1 (C.32)
Equation (C.32) can be rewritten as:
CdAov = Aovo = A2v2 (C.33)
Case2)Flow Under Sluice Gate when yDS ≥ y∗2
Figure C.3: Flow Though a Sluice Gate, Submerged Flow Condition
From Energy and Continuity Equations (C.7) and (C.10):
y1 +
Q2
2gA1
2 = y2 +
Q2
2gAo
2 (C.34)
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Rearranging equation (C.34)
y2 − y1 = Q
2
2g
(
1
A0
2 −
1
A1
2
)
(C.35)
Solving Equation (C.35) for Q2:
Q2 = (y2 − y1) 2gy1yo
2b2(
1− yo2
y12
) (C.36)
Solving for Q:
Q =
 1√
1− yo2
y12
 yob√2g (y1 − y2) (C.37)
Equation (C.37) can be rewritten as:
CdAov = Aovo = A2v2 (C.38)
A storage curve (area vs. depth) was used to account for the volume of water that can
be store in the tunnel and the drop shafts at different water levels in the gate chamber. A
schematic of this curve is shown below.
Figure C.4: Depth vs. Area Curve for the Lawrence Avenue Deep Tunnel
In the following figures, schematic of the gate operation for the 23-25 July, 2010 storm is
presented. In the first figure, the gate opening was left fully open during the entire storm.
As it can be observe the flow never gets pressurized during the storm. As a consequence the
capacity of the tunnel is never reached.
In the next figure the gate opening is left equal to a constant opening of 33%. This opening
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restricts the volume of water that can pass through the gate, as a consequence the tunnel
gets instantaneously pressurized during peak flow time. Once the peak of the storm passed,
the flow returned to the open channel flow regime.
Finally, in the third figure, it can be seen how the gate opening is regulated based on real
time conditions. So for the beginning of the storm an opening of 10% was enough to convey
the flow. Nevertheless, based on the input hydrograph the gate opening had to increased
from 10% to 33% during the peak flow time in order to avoid having high pressures and
reverse flows in the tunnel that could end up blowing out the manholes and created a geiser.
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Figure C.5: Gate Operation Model Interface, Results for the gate Fully open for the 23-25
July, 2010 Storm
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Figure C.6: Gate Operation Model Interface, Results for the gate 33% open for the 23-25
July, 2010 Storm
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Figure C.7: Gate Operation Model Interface, Results for the real time regulation of the
gate for the 23-25 July, 2010 Storm
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